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I. Efficient organic reactions and 
mechanistic studies based upon 
magnetically recyclable Pd–Fe3O4 
heterodimer nanocrystals 
 
In chapter I, we report the results of our investigation on the Wacker 
oxidation through the use of Pd–Fe3O4 heterodimer nanocrystals. 
Wacker oxidation is a useful process converting a terminal olefin to a 
methyl-ketone. We describe herein an environment-friendly and highly 
selective Wacker oxidation process employing superparamagnetic Pd–
Fe3O4 heterodimer nano-particles as a reusable catalyst. Various reaction 
parameters were investigated for the determination of optimal reaction 
conditions. Consistently high yields and excellent reaction selectivities 
of the desired Wacker product were observed in almost all the reactions 
employing the Pd–Fe3O4 nano-catalysts in EtOH-H2O under 1 atm O2. 
This operationally simple oxidation protocol allows recycling of the Pd–
Fe3O4 catalyst after the reaction through the use of an external magnet. 
 
In chapter II, we also report an efficient, iterative, catalytic, Wacker-
type oxidation of alkynes to 1,2-diketones using Pd–Fe3O4 heterodimeric 
nano-crystals. This process has a wide substrate scope affording 1,2-
diketo derivatives in excellent yields under atmospheric pressure of O2. 
The operational procedure using the Pd-Fe3O4 nano-praticles is 
extremely straightforward, and the catalyst can be reused through the 
ii 
 
employment of simple magnetic separation, enabling the recycling of the 
catalyst for 5 times without loss of catalytic activity. 
 
In chapter III, we report our mechanistic investigation on several 
useful catalytic reactions using Pd–Fe3O4 heterodimeric nanoparticles as 
magnetically recyclable catalysts. Successful applications of the 
nanocrystals toward various organic reactions such as Heck, Suzuki, and 
Sonogashira coupling reactions, direct C–H activation reaction, and 
Wacker oxidation have been reported. However, detailed mechanistic 
studies of these reactions have not been delineated. It has been unclear 
whether this processes proceeds through a heterogeneous or 
homogeneous mechanism. Herein, we report our detailed mechanistic 
investigations of the applications on Suzuki coupling reaction and 
Wacker oxidation as two representative heterogeneous reactions 
employing the Pd-Fe3O4 catalysts. Hot filtration tests, general kinetic 
studies and three-phase experiments were conducted for the two 
reactions. The results of our investigation led us to believe that these two 
reactions most likely proceed through the use of a solution-phase Pd 
species. 
 
Key words: Heterodimeric nanocrystals, Palladium nanoparticle, Pd-Fe3O4, 
Wacker oxidation, Wacker-type oxidation, mechanism study, hot filtration test, 





II. Synthesis of core-shell type of Pd–Pt–Fe3O4 
nanoparticles and their catalytic performance as 
magnetically reusable catalyst for organic reaction 
 
Recently, we have documented several useful catalytic reactions using 
Pd–Fe3O4 heterodimeric nano-catalysts as novel magnetically recyclable 
catalysts. Successful applications of the Pd–Fe3O4 toward various 
organic reactions such as Heck-, Suzuki-, Sonogashira- cross coupling 
reactions, direct C–H arylation, Wacker and Wacker type oxidation have 
been reported. 
In this study, we report the synthesis of bimetallic nanoflake-shaped 
Pd–Pt–Fe3O4 nanoparticles (NP’s) and their application to the reduction 
of nitro- derivatives. Using hydrothermal method, we decorated nano 
sized crystals of palladium and platinum on the Fe3O4 NPs’ surface. The 
Pd-Pt–Fe3O4 NPs were very efficient in effecting the one-pot cascade 
catalysis of dehydrogenation of ammonia borane (AB) and reduction of 
nitro- compounds to anilines in methanol within 5 minutes at room 
temperature. Development of efficient procedure for the reduction of 
nitro derivatives becomes one of the important synthetic methods in 
relation with the advent of various display materials and medicinal 
candidates. The reactions using the Pd–Pt–Fe3O4 catalyst proceeded 
faster than those using either Pd–Fe3O4, Pt–Fe3O4 or the combination of 
both Pt-Fe3O4 and Pd–Fe3O4 catalysts, confirming a unique “synergistic 
effect” of the bimetallic nano-catalyst system. The catalyst could be 
reused through the use of an external magnet in a very straightforward 
iv 
 
manner and was recyclable for over 250 times without loss of its catalytic 
performance. Thus, this new catalyst could offer a very sustainable, 
useful and environment-friendly tool for potential industrial/medicinal 
applications in the reduction of nitro-compounds. 
 
Key words: bimetallic nanocatalysts, synergistic effect, cascade reaction, 
chemo-selectivity, magnetically recyclable catalysts, heterogeneous catalysts, 
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Chapter 1. Wacker oxidation of terminal 
























Wacker oxidation was first invented by Smidt and co-workers1 and is 
exemplified by the conversion of ethylene to acetaldehyde in the presence of a 
catalytic amount of Pd(II) and Cu(II) source in a mixture of water and an 
organic solvent (Scheme I-1.1). Since its discovery, this process has seen broad 
industrial applications. Recently, the conversion of terminal olefins to methyl 
ketones through the Wacker oxidation has been frequently used in many 
synthetic approaches to natural and non-natural products.2 A variety of reaction 
conditions and solvent combinations has been investigated for the efficient 
oxidation of more complex substrates.2a Wacker oxidation generally involves 
Pd(II) catalyst and excess O2 or hydrogen peroxide as an oxidant. The original 
conditions required the reaction to be performed in water containing hydrogen 
chloride and, showed some limitations, such as a low reaction selectivity and 
rate with the formation of unwanted side product(s). Therefore some efforts 
have been constantly focused on the refinement of the process through the use 
of a mixture of water and organic solvents (i.e. DMF, NMP, DMA and sulfolane) 
in the presence of a stoichiometric amount of CuCl2. Other problems also 
appeared such as the formation of chlorinated derivatives3 due to rearrangement 
followed by nucleophilic addition of the chloride anion. To overcome these 
limitations, chemists have continued to search for better catalysts, ligands, co-
catalyst conditions,4 new solvents including ionic liquids,5 and new oxidant 




systems using molecular oxygen.6  
To recycle the expensive palladium catalyst in the Wacker process, the use 
of immobilized co-catalysts onto polymeric supports has been reported.7 There 
has been an increasing interest in the use of magnetically separable nano-
catalysts and nano-materials8 in order to develop sustainable, heterogeneous 
catalysts as part of “green” processes. In our previous work, we reported on the 
simple synthesis of Pd–Fe3O4 and Rh–Fe3O4 bimetallic nanocrystal systems 
and their applications to Suzuki coupling and nitro-arene reduction, 
respectively.9 Herein, we report on the Pd–Fe3O4 nanocrystals as a recyclable 
catalyst system for the Wacker oxidation of aryl and alkyl olefins in an 
environment friendly solvent combination under mild, aerobic conditions. 
 
2. Results and Discussion 
 
Wacker oxidations of styrene using excess hydrogen peroxide and molecular 
oxygen as the re-oxidant are known to be often accompanied by unwanted side 
products such as phenylacetaldehdye (3), benzaldehyde (4) and benzoic acid 
(5).10  
In our optimized conditions, no hint of benzaldehyde or benzoic acid was 
detected. The GC analysis of the reaction products revealed that acetophenone 
(2) was the major product, and was accompanied by only a minute amount of 
phenylacetaldehyde (3) (Scheme I-1.2). 
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To optimize the reaction conditions, we first examined various solvents and 
solvent combinations. All reactions were carried out using 1 mol% Pd–Fe3O4 
heterodimer nanocrystals in the presence of 10 mol% of CuCl under 1 atm O2 
unless otherwise noted. The results are collected in Table I-1.1. Reactions in 
solvents such as toluene, DMA and DMF gave no conversion at all (Table I-
1.1, entries 1–3). When the reaction was carried out in water, however, some 
conversion to the desired product was observed (Table I-1.1, entry 4). 
Fortunately, when the solvent was changed to ethanol, both the conversion and 
reaction yield were remarkably enhanced, furnishing 75% of the desired methyl 
ketone (Table I-1.1, entry 5).  With the same solvent we also explored the use 
of CuCl2 instead of CuCl and the selectivity of the reaction was dramatically 
decreased giving only 20% of acetophenone (Table I-1.1, entry 6). Without any 
copper species, Wacker oxidation did not proceed at all (Table I-1.1, entry 7). 
Then we tried combinations of ethanol and water as solvent mixtures, and the 
results depended upon the volume ratio of the solvents (Table I-1.1, entries 8–
10). We examined 2:1, 4:1, and 10:1 mixtures of EtOH-H2O and the use of the 
4:1 system furnished the best results giving >99% conversion and 85% yield of 
acetophenone (Table I-1.1, entry 9). Finally, upon testing a few temperature 
conditions, we found out that running the reaction at 75 °C in EtOH–H2O (4:1) 
gave the best results, i.e. >99% conversion and 96% yield of the desired methyl 




ketone product (Table I-1.1, entry 11). 
 
Table I-1.1 Optimization of Wacker oxidation by using Pd–Fe3O4
a 
 
Entry Solvent Time (h) Conversion(%)b Yield(%)b 
1 DMF 24 0 - 
2 Toluene 24 0 - 
3 DMA 24 0 - 
4 Water 36 62 60 
5 EtOH 24 >99 75 
6 EtOH 18 >99 20 
7 EtOH 24 0 - 
8 EtOH+H2O 
(2:1) 
36 76 73 
9 EtOH+H2O 
(4:1) 
36 >99 85 
10 EtOH+H2O 
(10:1) 
24 >99 75 
11 EtOH+H2O 
(4:1) 
36 >99 96 
 
 
a Reaction condition: Compound 1 (1 mmol ), Pd-Fe3O4(1 mol%), CuCl (0.1 
mmol), Solvent (3 mL), mesitylene (1 mmol, internal standard), 70 oC, O2 balloon. 
b All product composition and yields were characterized through GC analysis. c 
CuCl2 (0.1 eq) instead of CuCl was used as a co-catalyst. d Reaction was run without 
CuCl. e EtOH (3 mL).  f Reaction temperature was raised to 75 oC. 
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.With the optimized reaction conditions in hand, we set out to examine the 
scope of the reaction using various aryl- and alkyl-substituted terminal olefins. 
The results are collected in Table I-1.2. Reactions of electron-rich styrene 
derivatives gave the corresponding oxidation products in excellent conversions 
and high yields (Table I-1.2., entries 2–6). Reaction of a sterically hindered 
styrene derivative also provided the desired ketone product in high yield (Table 
I-1.2., entry 5). In addition, reactions of styrene derivatives with para- and 
meta-chloro-substitution exhibited good conversions and yields (Table I-1.2., 
entries 7 and 8, respectively). However, in the case of ortho-chlorostyrene, 
though a good conversion was observed, only 56% yield of the desired methyl 
ketone was obtained (Table I-1.2., entry 9) along with a substantial amount of 
side products. Also, reactions on para-fluoro- and para-bromo-substituted 
styrene proceeded with excellent conversions and yields (Table I-1.2., entries 
10 and 11, respectively). Furthermore, terminal alkenes substituted with alkyl 
groups were also smoothly converted to methyl ketones in moderate to good 
yields (Table I-1.2., entries 12 and 13).  
We have carried out recycling experiments using the Pd–Fe3O4 nanocrystals 
recovered from the previous run and the results are presented in Table I-1.3. 
The recovery of the catalyst was conveniently accomplished through the use of 
an external neodymium magnet for the collection of the nanocatalysts from the 
reaction mixture. The reactivity of the catalyst remained unchanged up to  
a Reaction conditions: The substrates (1.0 mmol), Pd–Fe3O4 (1.0 
mol%), CuCl (0.10 mmol), EtOH (3.0 mL), H2O (0.75 mL) mesitylene 
(1.0 mmol, internal standard), 75 oC, O2 balloon. b Numbers were 
determined through GC analysis. c Yields were determined through GC 




Table I-1.3 Recyclability of the Pd–Fe3O4 nanocrystals for the Wacker-
oxidation a 
 
Entry Conversion(%)b Yield(%)b 
1 99 95 
2 99 93 
3 99 92 
4 99 89 
a Reaction condition: Styrene (2 mmol), Pd-Fe3O4 (1 mol%), CuCl (0.2 mmol), EtOH 
(6 mL), H2O (1.5 mL), mesitylene (2 mmol, internal standard). b,c All products were 
characterization by GC 
 
the fourth recycling experiment. In the fifth run, however, the reaction rate 
decreased noticeably. The transmission electron microscope (TEM) images of 
the Pd–Fe3O4 heterodimer nanocrystals after the fifth recycling experiment did 
not show any significant morphological change compared to the images of the 
original sample, as shown in Figure I-1.1. Measurement of the palladium 
content in the Pd–Fe3O4 nanocrystals before the reaction and after five 
recycling runs using inductively coupled plasma atomic emission spectroscopy 
(ICP–AES) indicated 2.24 and 1.03 wt% of palladium, respectively. After first 
reaction, 4.9 ppm of palladium was detected in the solution. The reason for the 
reduction in the palladium content after five recycling runs is unclear and is 
currently being investigated. The nanocrystals after the fifth run were well 







In summary, we describe herein a highly efficient catalytic process for the 
oxidation of various terminal olefins into methyl ketones using 
superparamagnetic Pd–Fe3O4 nanocrystals under 1 atm O2 in EtOH-H2O (4:1) 
Figure I-1.1 (a) Pd–Fe3O4 TEM image, (b) After the fifth recylced Pd–Fe3O4 
TEM image 




at 75 oC.. Reactions using Pd–Fe3O4 heterodimer nanocrystals (1 mol% in Pd) 
proceeded with exceedingly high selectivity to give the desired products in 
good to excellent yields. To the best of our knowledge, this work is the first use 
of heterodimeric Pd nanocrystals in the Wacker oxidation process. Also because 
of the superparamagnetic Fe3O4 nanocrystals, the catalyst can be easily 
recovered and recycled through the use of an external permanent magnet. The 
catalyst was reusable up to four times without losing its catalytic activity. It is 
particularly noteworthy that the reactions proceeded under mild oxidative 
conditions without the use of strong oxidants such as H2O2 or TBHP. We believe 
that the atom efficiency, cost effectiveness, and recyclability of the Pd–Fe3O4 
nanocrystals indicate the potential for this catalyst system to be further 
developed to realize large scale applications. Further study of various 






All commercially available chemicals were purchased from Aldrich 
Chemical Co. or Tokyo Chemical Industry Co. and used without further 
purification unless otherwise noted. All reaction products were identified 
through comparison with the authentic compounds and quantified through GC 
analysis using a Hewlett Packard 5890 Gas Chromatograph using mesitylene 





Preparation of the catalyst  
 
In a general experiment, 200 mg of Pd(acac)2 (0.660 mmol) and 14.0 g of 
Fe(acac)3 (40.0 mmol) were added to a solution containing 120 mL of 
oleylamine (350 mmol) and 80 mL of oleic acid (250 mmol). The mixture was 
heated to 120 oC under reduced pressure and agitated with vigorous stirring for 
2 h. The resulting mixture was heated to 220 oC under Ar atmosphere at a 
heating rate of 2 oC /min and kept at this temperature for 30 min. Then it was 
further heated to 300 oC at the same heating rate and aged for 30 min. 
Subsequently the mixture was cooled to room temperature and washed with 
250 mL of ethanol and a black supernatant was decanted. The residue was 
dispersed in EtOH (250 mL) through sonication and products were collected by 
centrifugation (1700 rpm, 15 min). The Pd–Fe3O4 was again dispersed in 150 
mL of hexane and collected through the use of an external magnet. This 
washing process was repeated until the decanted hexane showed no color. After 
repeated washing cycles, the catalyst was collected and dried under vacuum to 
furnish 2.45 g of solid. 
 
General procedure for Wacker oxidation 
 
A mixture of Pd–Fe3O4 nanocrystal catalyst (1.0 mmol) in ethanol (3.0 mL) 
was placed in a sealed vial and the mixture was heated to 75 oC. After 60 min, 
styrene (1 mmol), CuCl (0.1 mmol) and H2O (0.75 mL) were added to the 
mixture and the vial was equipped with an O2 balloon. The sealed vial was 
sonicated for 1 minute for dispersion of to disperse the Pd-Fe3O4 and the 
reaction mixture was stirred for 36 h at 75 oC. Once the reaction was complete, 
the reaction mixture was separated from the catalyst using an external magnet. 
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General procedure for recycling 
 
After the reaction was complete, ethanol (5 mL) was added and the mixture 
was sonicated for 1 min. Then, The Pd–Fe3O4 catalysts were separated with the 
use of an external magnet. The catalyst was washed with EtOH (20 mL) and 
the washing cycles were repeated five times. The catalyst was the washed twice 
with H2O. Finally, the catalyst was washed with ethanol twice and dried before 




















Chapter 2. Wacker-type oxidation of alkyne 






















1,2-Dicarbonyl derivatives are valuable structural motifs often embedded in 
many natural products11 and biologically active compounds. 12 Among these 
derivatives, benzil derivatives are employed for a number of interesting 
applications, such as corrosion inhibitors of mild steel, 13 photosensitive agents 
in photocurable coatings, 14 and carboxylesterase (CE) inhibitors. 15 Moreover, 
1,2-dicarbonyl derivatives can be used as precursors to many biologically 
active compounds or as building blocks for the synthesis of quinoxalines, 
triazines, and imidazoles. 16 
In light of their usefulness, the development of convenient synthetic 
pathways for 1,2-diketones has attracted much attention, and several synthetic 
methods have been reported, including substitutions of keto acid chloride or 
oxalyl chloride17 and oxidations of hydroxyketone derivatives. 18 Among 
several other methods, 19 oxidation of 1,2-diarylalkynes20 can be a very 
straightforward approach to the synthesis of diketones. The 1,2-diarylalkynes 
are easily prepared by standard Sonogashira coupling reactions of aryl alkynes 
and aryl halides.21 A variety of reagents have been employed to oxidize 1,2-
diarylalkynes for the synthesis of benzil compounds, such as manganese22 and 
chromium reagents, 23 sulfur trioxide-dioxane complexes, 24 ozone, 25 dioxiranes, 
26 iodo- or bromo-succinimide, 27 and orthoperiodic acid. 28 However, these 
reagents are highly toxic, and the procedures associated with their use are 
expensive, low yielding, limited in terms of functional group tolerance, poorly 
chemoselective, and produce environmentally hazardous wastes.  
Recently, in an effort to provide a remedy to these drawbacks, new alkyne 
oxidation reactions have been developed that utilize homogenous catalysts such 
as iron(III) bromide,29 palladium(II) sources with copper co-catalyst,30 and 
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gold-catalyzed transformations.31 The use of a heterogeneous palladium source 
such as palladium on carbon (Pd/C) has been reported for the synthesis of benzil 
derivatives with DMSO and molecular oxygen as dual oxidants.32 There has 
been increased interest in the use of magnetically recyclable palladium 
nanoparticles and nanomaterials33 for the development of sustainable, efficient, 
heterogeneous catalysts for practical organic synthesis. Iron oxide-based 
catalysts have many advantages including their facile recovery by an external 
neodymium magnet, thus obviating complicated separation/ filtration processes. 
Thus, magnetically recoverable iron oxide catalysts offer great potential for 
industrial applications. 
Herein, we report the efficient synthesis of benzil derivatives from 1,2-
diarylalkynes under oxygen atmosphere using Pd–Fe3O4 heterodimer 
nanocrystals as a reusable and durable catalyst system. 
 
2. Results and Discussion 
 
Our first attempt at the Pd–Fe3O4-catalyzed oxidation of an acetylene 
derivative was carried out using diphenylacetylene (1a) and 1 mol% catalyst in 
DMSO under 1 atm oxygen in the presence of 10 mol% CuBr2. This reaction 
afforded the corresponding benzil (2a) in 62% yield after 28 h at 95 oC (Table 
I-2.1, entry 1). We then carried out an extensive screening of solvents, such as 
DMSO, DMF, H2O, toluene and 1,4-dioxane with 10 mol% CuBr2 under 
otherwise identical reaction conditions (Table I-2.1, entries 1-5). Among the 
solvents examined, 1,4-dioxane was identified as most effective for the Wacker-
type oxidation. The addition of a Cu(II) salt was absolutely necessary since no 
product formation was observed in its absence (Table I-2.1, entry 7). Replacing 
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CuBr2 by CuCl2, Cu(OAc)2, or CuI resulted in decreased reactivity in each case 
(Table I-2.1, entries 8-10). In fact, no reaction was observed with CuI. Finally, 
optimal conditions were identified by employing 1 mol% of Pd–Fe3O4 and 10 
mol% of CuBr2 in dioxane/H2O under 1 atm of O2 in a balloon, which yielded 
98% of the desired product (Table I-2.1, entry 5). When the reaction 
temperature decrease to 75 oC, the yield was decreased slightly under otherwise 
the same conditions (Table I-2.1, entry 6). 
Table I-2.1 Optimization of Wacker-type oxidation by using Pd–Fe3O4
a 
 
Entry Solvent Additive Temp.(oC) Time (h) Yield(%)b 
1 DMSO CuBr2 95 28 62 
2 DMF CuBr2 95 28 3 
3 H2O CuBr2 95 28 6 
4 Toluene CuBr2 95 28 - 
5 1,4-Dioxane CuBr2 95 28 98 
6 1,4-Dioxane CuBr2 75 28 85 
7 1,4-Dioxane - 95 28 - 
8 1,4-Dioxane CuCl2 95 28 87 
9 1,4-Dioxane Cu(OAc)2 95 28 5 
10 1,4-Dioxane CuI 95 28 - 
 
a Reaction conditions: Compound 1 (0.5 mmol), Pd–Fe3O4 (1.0 mol%), 
additive (0.05 mmol), solvent (5.0 mL), H2O (1.0 mL), O2 balloon. 








Also, wecarried out reactions with varying amounts of water in the solvent 
mixture, and the yield of desired product was the highest in 1:5 water-dioxane 







Table I-2.3 Wacker-type oxidation of different substrate by using Pd–Fe3O4
a 
 
a Reaction conditions: Substrate (0.5 mmol), Pd–Fe3O4 (1.0 mol%), CuBr2 
(0.05 mmol), 1,4-dioxane (5.0 mL), H2O (1.0 mL), O2 balloon. 95 oC 
b Yield of 
isolated product. 
 
With the optimized reaction conditions, the substrate scope was then 
examined. As shown in Table I-2.3, good to excellent product yields were 
obtained for a variety of diaryl-substituted alkyne derivatives. Reactions of 
substrates equipped with electron-donating substituents, such as p-methyl, o-, 
m-and p-methoxy groups, provided excellent yields of the desired products 
(Table I-2.3, entries 2-5). Sterically hindered, o-substituted substrate also gave 
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good yield of the desired product (Table I-2.3, entry 5). Reactions of 
diphenylacetylenes with two p-substitutions, such as 1,2-bis(4-
methoxyphenyl)ethyne and 1-ethyl-4-((4-methoxyphenyl)ethynyl)benzene 
gave good yield to the corresponding diketo products (Table I-2.3, entries 6-
7). A trimethylsilyl-substitution was also well tolerated under the reaction 
conditions (Table I-2.3, entry 8). In addition, reactions of substrates having 
one or two halide substitutions at the para position(s) also gave rise to good to 
excellent yields (Table I-2.3, entries 9-11). Reactions of substrates having 
other electron-withdrawing groups, such as p-acetyl and p-nitro groups 
proceeded with good yields (Table I-2.3, entries 12-13). The only reaction that 
provided a moderate yield (77%) was that employing p-cyano-substituted 
diphenylacetylene (Table I-2.3, entry 14). 





Also, we carried out further experiments using alkyl, aryl and dialkyl 
substituted acetylenes. As seen from the table below, when 1-phenylpropyne 
was employed as substrate, only 20% yield of the desired product was isolated 
along with several other side products (Table I-2.4, entry 1). When 5-nonyne, 
a dialkyl-substituted acetylene, was used, the reaction was very sluggish, 
leaving almost unreacted starting material. The results are added in Table I-2.4. 
The recyclability of the Pd–Fe3O4 nanocatalyst was confirmed by its ability 
to repeatedly catalyze the oxidation of diphenylacetylene (Table I-2.3). After 
the reaction, the catalyst from the reaction mixture was simply collected using 
an external neodymium magnet. Then, without filtration, the catalyst was 
washed five times with EtOAc, twice with water, and was dried in vaccum 
condition for 2 h. The recovered catalyst could then be reused immediately in 
the next reaction. In this experiment, more than 99% of the nanocrystals could 
be recovered through the use of an external magnet and through catalyst 
purification by dispersion and collection cycles. The results are presented in 
Table I-2.5. The reactivity of the catalyst consistently remained unchanged up 
to the fourth recycling experiment. After the fifth run, however, the yield of the 
product was slightly diminished to 83%, indicating a slight decrease in the 




















a Reaction conditions: 1 (0.5 mmol), Pd–Fe3O4 (1.0 mol%), CuBr2 (0.05 mmol), 
1,4-dioxane (5.0 mL), H2O (1.0 mL), O2 balloon. 95 oC 
b Yield of isolated 
product. 
 
As shown in Figure I-2.1, the Pd–Fe3O4 nanocrystals exhibited very good 
dispersion during and after the oxidation reaction. After the reaction was 
complete, the nanocrystals could be gathered easily using an external magnet. 
The transmission electron microscope (TEM) image of the Pd–Fe3O4 
nanocrystals after five oxidation cycles showed that the size and morphology 
of the nanocrystals had not changed (Figure. I-2.2 and I-2.3). Moreover, the 
powder X-ray diffraction (XRD) pattern of the catalyst did not show any 
noticeable change from those of the catalyst before use (Figure I-2.4 and I-2.5). 
In addition, when the catalyst system was analyzed after the first and fifth 
reaction by inductively coupled plasma atomic emission spectroscopy (ICP-
AES), the nanoparticles showed 1.9 and 1.2 wt% of Pd, respectively. About 37% 
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of palladium was lost after 5 cycles. This observation indicates that a small 
amount of Pd might have leached out from the original catalyst system upon 
each recycling experiment. However, there was no detectable change in Fe 
content. 
 
Figure 1-2.1 Magnetic separation of Pd–Fe3O4 after Wacker-type oxidation.. 
 





Figure I-2.3 TEM image of Pd–Fe3O4 after fifth reusing experiment 
 









In summary, a convenient, heterogeneous, Wacker-type oxidation of alkynes 
to benzils under aerobic conditions using 1 mol% of Pd–Fe3O4 nanocatalyst 
was developed. This transformation showed high efficiency with a variety of 
substrates and excellent functional group tolerance. Moreover, owing to its 
magnetic property, the catalyst could be conveniently recovered using an 
external permanent magnet, obviating the need for filtration before reuse. The 
nanocatalyst was recycled five times without loss of its catalytic activity. 
Further studies to understand the detailed reaction mechanism and exact 
reacting species of the Pd–Fe3O4 catalyst system are in progress. Under the 
optimized reaction conditions, high yields, good functional group tolerance, 
and efficient recyclability of the Pd–Fe3O4 nanocrystals indicate that this 
system exhibits great applicability for large scale applications. Further research 








All commercially available chemicals were purchased from Aldrich 
Chemical Co. or Tokyo Chemical Industry Co. and used without further 
purification unless otherwise noted. All reaction products were identified 
through comparison with the authentic compounds and quantified through GC 
analysis using a Hewlett Packard 5890 Gas Chromatograph with mesitylene as 
an internal standard. All Transmission Electron Microscopy (TEM) images 
were obtained on a JEOL EM-2010 microscope at an accelerating voltage of 
200 kV. The powder X-ray diffraction (XRD) was performed using a Bruker 
AXS D8 FOCUS (2 theta : 5-100, scanspeed : 2degree/min, Cu Kαradiation: 
λ=1.54056nm, Generator : 40kV, 40m) 
 
Synthesis of substrates (General Procedure for the Sonogashira 
Reaction) 
 
An oven-dried Schlenk flask equipped with a magnetic stirring bar was 
charged with Bu4NOAc (1.5 mmol) and Pd(OAc)2 (1-3 mol%) or Pd2(dba)3 (2 
mol % for aryl bromides) inside a nitrogen-filled flask. The flask was capped 
with a rubber septum, and then it was removed from the glove box. An aryl 
iodide or bromide (1.0 mmol) and DMF (3.0 mL) were then successively added, 
and after 5 min of stirring, the alkyne (1.0 mmol) was added. Stirring was 
continued at room temperature under argon for the corresponding reaction 
times indicated in the tables, after which time the reaction mixture was diluted 
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with water (10 mL) and extracted with diethyl ether (4x10 mL). The combined 
ether layers were dried over Na2SO4, filtered, concentrated, and purified 
through alumina gel flash chromatography using hexanes or hexanes/ether to 
elute the desired coupling product. 
 
General procedure for Wacker-type oxidation 
 
Pd–Fe3O4 nanocrystal catalyst (1.0 mmol) in 1,4-dioxane (5.0 mL) was put 
to a vial. Phenylacetylene (1 mmol), CuBr2 (0.1 mmol) and H2O (1 mL) were 
added to the mixture and an O2 balloon was attached to the sealed vial. The vial 
was sonicated for 3 minute for dispersion of the catalyst and the reaction 
mixture was stirred for 28 h at 95 oC. After the reaction mixture was cooled to 
room temperature, the catalyst was separated from the mixture through the use 
of an external magnet. The solution containing the product was diluted with 
EtOAc (15 mL) and H2O (15 mL) and extracted with EtOAc (3x15 mL).And 
dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The residue 
was purified by silica-gel column chromatography using n-hexane/EtOAc as an 
eluent. 
 
General procedure for recycling 
 
After the reaction was complete, 1,4-dioxane (5 mL) was added and the 
mixture was sonicated 3 min for dispersion. Then the Pd–Fe3O4 catalyst was 
separated with the use of an external magnet. The recovered catalyst was 
washed five times with EtOAc (20 mL), twice with water H2O (20 mL) and 




Synthesis of Pd–Fe3O4 heterodimer nanocrystals. 
 
The Pd–Fe3O4 synthesis was performed by two-step thermal decomposition 
of a mixture solution composed of iron acetate, palladium acetate, oleic acid 
and oleylamine. In a general synthesis, 10 mg of Pd(acac)2 (0.033 mmol) and 
0.7 g of Fe(acac)3 (2.00 mmol) was added into a solution 4.0 mL of containing 
oleic acid (12.5 mmol) and 6.0 mL of oleylamine (17.5 mmol) and the mixture 
was heated to 120 oC in a vacuum with vigorous stirring for 3 h. Under Ar 
atmosphere, the dark mixture was heated to 220 oC at a heating rate of 2 oC /min 
and kept at this temperature for 30 min, and then it was further heated to 300 
oC at the same heating rate and aged at 300 oC for 30 min. After cooling 3h, the 
mixture solution was precipitated by adding EtOH and 140 mg of the powdery 
Pd–Fe3O4 were obtained after the washing and vacuum drying processes. The 















Chapter 3. Mechanistic studies on the 

















In organic synthesis, Pd is one of the most useful metal catalysts for various 
C–C bond-forming reactions and functional group transformations. Notably, 
the chemists who contributed to the development of the C–C bond cross-
coupling reactions using Pd catalysts, such as the Heck, Suzuki, and Negishi 
reactions, won the Nobel Prize in Chemistry in 2010.34 Many other related 
cross-coupling reactions have been developed apart from these three 
representative name reactions. Moreover, the Pd-catalyzed mechanisms have 
been utilized for many other reactions such as oxidation and reduction.35 Pd-
catalyzed organic reactions have also been well documented in many reviews 
and books.36 
Despite the importance and wide application of Pd-catalyzed reactions, the 
use of soluble Pd catalysts poses significant problems, including the toxicity 
caused by residual Pd, safety issues because of the instability of Pd in air, and 
high costs attributed to the scarcity of the metal, thus hindering their industrial 
applications.37 Some researchers developed palladium free coupling reactions 
to conquer these problems in case of Sonogashira coupling.38 So, to overcome 
these drawbacks, heterogeneous Pd catalysts have been investigated.39  
Heterogeneous catalytic processes usually employ biphasic systems or 
immobilization on supports. For biphasic systems, separable ionic liquids40 or 
phase-transfer methods have been used.41 In the case of immobilization, 
materials such as carbon nanotubes, graphene, high-surface-area solids 
(silicates, zeolites, alumina, etc.), polymers, and metal oxides have been 
reported as metal supports.42 Heterogeneous catalysts have several advantages 
such as lower amount of metallic residues in products, recyclable/reusable 









These advantages make heterogeneous catalysts suitable for bulk synthesis 
in industrial applications. Particularly, the existence of metal residues in 
products poses a serious problem in the pharmaceutical industry. 
However, reactions that use heterogeneous catalysts often have lower 
selectivity and catalytic activity than those using homogeneous catalysts. 
Consequently, reactions employing heterogeneous catalyst systems often 
require harsher conditions or are limited to a narrow substrate scope. Therefore, 
new types of catalysts should be developed to maximize the benefits of both 
homogeneous and heterogeneous reactions and to minimize their disadvantages. 
To achieve this goal, increased attention has been focused to nanocrystals as 
catalysts.43 Nanocrystals have a high surface area per volume and good 
dispersity, leading to high catalytic activity similar to that of homogeneous 
catalysts. Furthermore, the handling of nanocrystals is similar to that of 
heterogeneous catalysts. Because of these characteristics, nanocrystal catalysts 
are considered semi-heterogeneous catalysts with desirable attributes of both 
the systems, i.e., the efficiency of homogeneous reactions and the recyclability 
of heterogeneous materials. Therefore, nanocrystal catalysts have attracted 
much interest, and a large number of studies have been reported in the last 
decade.44,45 
Recently, hybrid nanocrystals containing two or more metals have attracted 
much attention; the synthesis and applications of such hybrid metal 
nanoparticles have been reported.46 The properties of individual metal 
nanocrystals can be exploited in hybrid nanocrystals, possibly leading to 
synergistic and enhanced properties. Among them, heterodimeric nanocrystals 
have been synthesized from transition metals and metal oxides and used for 




We reported a simple synthesis of Pd–Fe3O4 heterodimer nanocrystals by 
controlled one-pot thermal decomposition of metal acetylacetonate mixtures 
(Figure I-3.1).9 The nascent nanocrystals were easily recovered using an 
external magnet without filtration or centrifugation. Using the magnetic 
heterodimeric nanoparticles, we reported several catalytic applications of Pd–
Fe3O4 heterodimeric nanocrystals, e.g., Suzuki cross-coupling reaction9(a) Heck 
reaction, Sonogashira reaction,48 direct catalytic C–H arylation,49 
polycondensation,50 Wacker oxidation, and Wacker-type triple bond oxidation51 
(Scheme I-3.1). In almost all these reactions, the Pd–Fe3O4 heterodimeric 
nanocrystals exhibited consistently effective catalytic activities, even in the 
absence of ligands. This efficient and reusable nanocrystal catalyst system 









While studying various reactions using magnetic Pd–Fe3O4 nanoparticles, we 
were intrigued by the true catalytic species involved in the so-called 
“heterogeneous” reactions. Are these reactions truly heterogeneous? Or is there 
a small amount of soluble Pd species released in each recycling experiment that 
is responsible for the iterative reactions?  To answer these questions, detailed 
mechanistic investigations were carried out using previously reported 
experimental methods for elucidating the mechanism of heterogeneous 
catalytic reactions. 52 Use of Pd/C as a heterogeneous catalyst system that 
leaches out soluble Pd species has been well documented, however, it has been 
difficult to reuse the Pd/C system as a recyclable catalyst.53  In this part III, we 
report our findings on the mechanism of the Pd–Fe3O4 nanoparticle-catalyzed 
Suzuki coupling reactions, based on experiments such as kinetics studies, hot 
filtration tests, and three-phase tests.  
 
2. Results and Discussion 
For mechanistic studies on the reactions using the magnetically recoverable 
Pd–Fe3O4 nanoparticle catalysts, two representative reactions were selected: 
Suzuki coupling and Wacker oxidation. Previously, we reported a series of 
representative cross-coupling reactions based on the catalytic activity of the 
Pd–Fe3O4 heterodimer nanocrystals. It was found that the Pd–Fe3O4 
heterodimer nanocrystals have excellent catalytic activity for the Suzuki 
coupling reactions of arylboronic acids with various aryl iodides, even though 
the catalyst showed slightly lower activity towards less activated aryl bromides. 
After the completion of the Suzuki reaction of phenylboronic acid with 
iodobenzene, the Pd–Fe3O4 heterodimer nanocrystals could be easily separated 
from the reaction mixture using an external magnet, and the recovered 




Figure I-3.2 XPS spectroscopy of fresh Pd–Fe3O4 
 
 




significant loss of the catalytic activity. Successful Wacker oxidation was also 
carried out through the iterative use of the Pd–Fe3O4 nanocrystal catalyst.19 The 
Pd–Fe3O4 nanocrystal catalyst recovered using an external magnet retained 
catalytic activity for four times. At the end of the recycling runs, the 
transmission electron microscope (TEM) images, powder X-ray diffraction 
(XRD) patterns, and inductively coupled plasma atomic emission spectra (ICP-
AES) of the Pd–Fe3O4 heterodimer nanocrystals were compared to those before 
the recycling. No significant morphological change was observed compared to 
those of the original catalyst. However, these morphological results cannot be 
considered as significantly contributing to the understanding of the mechanism 
of Pd–Fe3O4 nanocrystal catalysis. Also, the X-ray photoelectron spectroscopy 
(XPS) of the fresh and spent Pd–Fe3O4 were taken to see the change in the 
oxidation states of the Pd metal. The oxidation state of fresh catalyst was 
confirmed to be Pd(0) (Figure I-3.2). After the Suzuki reaction was complete, 
however, the XPS data indicated the presence of some Pd(II), as well as Pd(0) 




To gain insight into the mechanism of the reaction, kinetics of the Suzuki 
reaction and Wacker oxidation were studied using Pd–Fe3O4. Kinetic studies 
are very valuable for checking the presence of a precatalyst, which is 
characterized by a typical induction period in the catalytic reaction. The 
reaction rates of the Pd–Fe3O4 nanocrystal-catalyzed Suzuki coupling and 
Wacker oxidation reactions showed sigmoidal kinetic patterns in both the 
reactions. The substrate and product distributions were measured every hour by 
gas chromatography (GC). As shown in Figure I-3.4, a clear induction period 
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(1 and 2 h for Suzuki and Wacker oxidation reactions, respectively) was 
confirmed when the Pd–Fe3O4 nanocrystals were used. This observation 
strongly suggests that the Pd–Fe3O4 catalysis needs some time to generate an 
“active” catalytic species in the reaction mixture as a presumably homogeneous 
Pd species.54 The soluble Pd species may dissolve out from the nanocrystals at 
high reaction temperatures. 
 
 
Figure I-3.4 Kinetics of Pd–Fe3O4 nanocrystal-catalyzed reactions. (A) 




Hot Filtration Tests 
 
 
Scheme I-3.2 Hot filtration tests (A) Suzuki coupling reaction using Pd–
Fe3O4 (B) Wacker oxidation reaction using Pd–Fe3O4. 
 
Scheme I-3.3 Blank tests (A) Suzuki coupling reaction using Pd–Fe3O4 (B) 
Wacker oxidation reaction using Pd–Fe3O4. 
 
To further understand the leaching-out phenomenon, “hot filtration” tests55 
for both Suzuki and Wacker oxidation reactions were carried out (Scheme I-
3.2). The Pd–Fe3O4 nanocrystals were collected at the bottom of the flask using 
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a neodymium magnet, and the supernatant solution was separated while the 
solution was hot. During the process, the high temperature was maintained. The 
catalytic activity of the obtained solution was then tested; if the remaining 
substrates converted to products, the yield was measured by GC. If the reaction 
occurred only at the surface of the nanocrystals, the supernatant solution would 
not show any catalytic activity. Conversely, if any soluble catalytic Pd species 
released from the nanocrystals remained in the solution phase, then the reaction 
would proceed in the obtained solution. 
In the Wacker oxidation reaction, 20% additional conversion was observed. 
In the Suzuki coupling reaction, 7% additional conversion was observed. To 
observe the soluble Pd species in the solution in more detail, a blank hot 
filtration test was performed by heating a mixture of the Pd–Fe3O4 nanocrystal 
catalyst in a solvent for 36 h. While the flask was hot, the Pd–Fe3O4 catalyst 
and magnetic stir bar were removed using an external magnet. Then, the 
reagents for Suzuki or Wacker oxidation reaction were introduced along with a 
new stir bar (Scheme I-3.3). After 36 h, the Wacker product was obtained in 
40% GC yield while the Suzuki product was obtained in 10% GC yield. The 
results indicate that the presence of a homogeneous Pd species in the solution 
phase was at least partially responsible for the observed reactivities. The 
difference between the two reactions can be attributed to the difference in the 
amounts of leached Pd under different reaction conditions; i.e., in the Wacker 
oxidation reaction conditions, more Pd was released from the nanocrystals, 
resulting in more conversion. When the palladium contents in the solution from 
the spent Pd–Fe3O4 nanocatalyst from the Suzuki and Wacker oxidation were 
measured using ICP–AES, 0.3 and 4.9 ppm of palladium, respectively, were 
detected. The result of the hot filtration test strongly alludes to the fact that the 








Scheme I-3.4 Three-phase tests. (A) Suzuki coupling reaction using 
homogeneous Pd sources. (B) Suzuki coupling reaction using Pd–Fe3O4. (C) 
Wacker oxidation using homogeneous Pd sources. (D) Wacker oxidation using 
Pd–Fe3O4. 
 
To further determine the true catalyst species for the Pd–Fe3O4-catalyzed 
reactions, a three-phase test was designed to capture the homogeneous soluble 
Pd species using polymer-supported thiol as the immobilized scavenger.56 Thus, 
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Suzuki and Wacker oxidation reactions were carried out in the presence of a 
thiol resin, polymer-bound 2-mercaptoethylamine (Aldrich No. 641022), as a 
transition-metal scavenger. For the three-phase test, both homogeneous and 
heterogeneous reactions using PdCl2 and Pd–Fe3O4 nanocrystals, respectively, 
were carried out (Scheme I-3.4). Neither Suzuki nor Wacker oxidation product 
was detected by GC analysis. The results indicate that the Pd–Fe3O4 
nanocrystals lost their reactivity in the presence of a scavenger similar to the 
reactions using PdCl2. The soluble, active Pd source was trapped by the 
polymer-supported thiol resin, yielding neither Suzuki nor Wacker reaction 
products. The results also strongly indicate that the Pd–Fe3O4 nanocrystal-
catalyzed reactions proceed because of the dissolved Pd species from the 
nanocrystals. 
 
Proposed Mechanism of Pd–Fe3O4 Nanocrystal Catalysis 
 
Careful studies have been carried out to delineate putative mechanism of 
palladium nanoparticle-catalyzed reactions. Results of our mechanistic studies 
such as kinetic experiments, hot filtration tests, and three-phase tests also 
corroborate the previously suggested leaching mechanism of Pd nanoparticles.  
After examining all the experimental data obtained so far, we suggest a reaction 
mechanism that incorporates a soluble Pd species as the true catalyst as shown 
in Figure I-3.5. The details of soluble Pd species in the solvent are still not 
clear. However, clearly a small amount of homogeneous Pd species leached into 
the solution phase on heating the reaction mixture. Once a soluble Pd species 
enters the solution phase, the standard catalytic cycle of the Suzuki cross-
coupling reaction would be operative. The fact that the reaction does not 
proceed upon the addition of a polymer-supported thiol scavenger strongly 
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suggests that the true catalyst of the reaction is a soluble Pd species rather than 
a heterogeneous Pd catalyst. Thus, it can be concluded that the reactions are 
catalyzed by the soluble Pd species in the homogeneous phase originating from 





Figure I-3.5 Probable Suzuki reaction mechanism showing the generation of 










In summary, the Pd–Fe3O4 heterodimeric nanocrystal catalytic system has 
several advantages over the conventional homogeneous and heterogeneous 
systems including good catalytic activity, reusability, and safe handling of the 
catalyst. Previously, we have demonstrated several catalytic applications of the 
Pd–Fe3O4 heterodimeric nanocrystals as magnetically separable catalysts. We 
successfully applied the nanocrystals as catalysts, often in the absence of 
ligands, to various organic reactions such as Suzuki, Heck, and Sonogashira 
coupling reactions, direct C–H arylation, and Wacker oxidation. However, it 
was not clear whether these processes involved a homogeneous or 
heterogeneous mechanism. Therefore, a systematic investigation was carried 
out using various approaches for identifying the true catalyst of the Pd–Fe3O4 
nanocrystal-catalyzed reactions. General kinetic studies, hot filtration tests, and 
three-phase tests were carried out for Suzuki coupling and Wacker oxidation 
reactions. It was evident from the experimental results that a small amount of 
leached soluble Pd species was the true catalyst. The fact that the nanocrystal 
catalyst system provides an efficient and eco-friendly synthetic method for Pd-
catalyzed reactions indicates that the Pd–Fe3O4 heterodimeric nanocrystals act 
as a good reservoir for supplying a small amount of soluble Pd species upon 
heating the reaction mixture. This heterogeneous catalyst system has great 
potential to further the development of greener synthetic methods for diverse 
applications that are not only restricted to laboratory, but can also be applied to 










All commercially available chemicals were purchased from Aldrich 
Chemical Co. and used as received without further purification unless 
otherwise noted. All the reaction products were identified by comparing the 
data with those of the authentic compounds and quantified by GC using a 
Hewlett Packard 5890 Gas Chromatograph with mesitylene as the internal 
standard. 
 
General procedure for Suzuki coupling 
 
Degassed solvent (1,2-dimethoxyethane DME:H2O = 3 mL:1 mL), 
iodobenzene (1.0 mmol), phenylboronic acid (1.2 mmol), Na2CO3 (1.3 mmol), 
mesitylene (1.0 mmol) as the internal standard, and the Pd–Fe3O4 nanocrystal 
catalyst (1.0 mol%) were added to a round-bottom flask and backfilled with 
argon. The reaction mixture was refluxed for 24 h under vigorous stirring. The 
yield was determined by GC analysis. 
 
General procedure for Wacker oxidation 
 
The Pd–Fe3O4 nanocrystal catalyst (1.0 mol%), styrene (1 mmol), CuCl (0.1 
mmol), mesitylene (1.0 mmol) as the internal standard, and solvent (EtOH:H2O 
= 3 mL:0.75 mL ) were added to a vial, and an O2 balloon was attached to the 
vial. The vial was sonicated for 3 min for the dispersion of the Pd–Fe3O4 
nanocrystal catalyst, and the reaction mixture was stirred at 75 C for 36 h. The 
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yield was determined by GC analysis. 
 
Typical procedure for hot filtration test for Suzuki coupling 
 
Degassed solvent (DME:H2O = 3 mL:1 mL ), iodobenzene (1.0 mmol), 
phenylboronic acid (1.2 mmol), Na2CO3 (1.3 mmol), mesitylene (1.0 mmol) 
as the internal standard, and the Pd–Fe3O4 nanocrystal catalyst (1.0 mol%) were 
added to a round-bottom flask and backfilled with argon. The reaction mixture 
was refluxed for 12 h under vigorous stirring. Then, while the flask was hot, 
the Pd–Fe3O4 nanocrystal catalyst and magnetic stir bar were removed using an 
external magnet. A new stir bar was added, and the reaction was allowed to 
proceed for 12 h more.  
 
Typical procedure for hot filtration test for Wacker oxidation 
 
The Pd–Fe3O4 nanocrystal catalyst (1.0 mol%), styrene (1 mmol), CuCl (0.1 
mmol), mesitylene (1.0 mmol) as the internal standard, and solvent (EtOH : 
H2O = 3 mL:0.75 mL) were added to a vial, and an O2 balloon was attached to 
the vial. The vial was sonicated for 3 min for the dispersion of the Pd–Fe3O4 
nanocrystal catalyst, and the reaction mixture was stirred at 75 C for 12 h. 
Then, while the vial was hot, the Pd–Fe3O4 nanocrystal catalyst and magnetic 
stir bar were removed using an external magnet. Another stir bar was added, 
and the reaction was allowed to proceed for 12 h more.  
 





Degassed solvent (DME:H2O = 3 mL:1 mL) and the Pd–Fe3O4 nanocrystal 
catalyst (1.0 mol%) were added to a round-bottom flask and backfilled with 
argon. The reaction mixture was refluxed for 36 h under vigorous stirring. Then, 
while the flask was hot, the Pd–Fe3O4 nanocrystal catalyst and magnetic stir bar 
were removed using an external magnet. A new stir bar, iodobenzene (1.0 
mmol), phenylboronic acid (1.2 mmol), Na2CO3 (1.3 mmol), and mesitylene 
(1.0 mmol) as the internal standard were added, and the reaction was allowed 
to proceed for 36 h more.  
 
Typical procedure for blank and hot filtration tests for Wacker 
oxidation 
 
The Pd–Fe3O4 nanocrystal catalyst (1.0 mol%) and solvent (EtOH:H2O = 3 
mL:0.75 mL) were added to a vial, and an O2 balloon was attached to the vial. 
The vial was sonicated for 3 min for the dispersion of the Pd–Fe3O4 nanocrystal 
catalyst, and the reaction mixture was stirred at 75 C for 36 h. Then, while the 
vial was hot, the Pd–Fe3O4 nanocrystal catalyst and magnetic stir bar were 
removed using an external magnet. A new stir bar, styrene (1 mmol), CuCl (0.1 
mmol), and mesitylene (1.0 mmol) as the internal standard were added, and the 
reaction was allowed to proceed for 36 h more.  
 
Typical procedure for three-phase tests for Suzuki coupling 
 
Degassed solvent (DME:H2O = 3 mL:1 mL), iodobenzene (1.0 mmol), 
phenylboronic acid (1.2 mmol), Na2CO3 (1.3 mmol), mesitylene (1.0 mmol) as 
the internal standard, a polymer-bound resin (2-mercaptoethylamine, Aldrich 
No. 641022) (0.1 mmol), and the Pd–Fe3O4 nanocrystal catalyst (1.0 mol%) 
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were added to a round-bottom flask and backfilled with argon. The reaction 
mixture was refluxed for 24 h under vigorous stirring. The yield was determined 
by GC analysis. 
 
Typical procedure for three-phase tests for Wacker oxidation 
 
The Pd–Fe3O4 nanocrystal catalyst (1.0 mol%), styrene (1 mmol), CuCl (0.1 
mmol) mesitylene (1.0 mmol) as the internal standard, a polymer-bound resin 
(2-mercaptoethylamine, Aldrich No. 641022) (0.1 mmol), and solvent 
(EtOH:H2O = 3 mL:0.75 mL) were added to a vial, and an O2 balloon was 
attached to the vial. The vial was sonicated for 3 min for the dispersion of the 
Pd–Fe3O4 nanocrystal catalyst, and the reaction mixture was stirred at 75 C for 
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The development of new type of nano-particles (NPs) with controlled surface 
shapes, textures, and sizes has been relentlessly pursued for attaining desirable 
catalytic activities.1-3 In the last decade, much effort has been concentrated in 
this field, and numerous novel NPs possessing unique physical (optical,4 
structural,5 electronic,6 and magnetic7) properties for various applications have 
been documented. Significant research has been dedicated to the development 
of controllable synthetic pathways for diverse noble monometallic 
nanoparticles, including nanoboxes,8 rods,9 cages,10 and hollow spheres.11 
Recently, bimetallic nano-materials,12,13 including bimetallic nanoparticles, 
have attracted significant attention from theoretical and practical perspectives. 
In fact, bimetallic nanoparticles have been investigated for many applications 
because they exhibit extraordinary chemical activities that are clearly different 
from those of the parent metals.14-16 For example, bimetallic nanoparticle-
loaded clusters reported to provide “synergistic effects”17-18 for the catalysis of 
synthetic organic reactions because of the interaction between each metal 
species.19  
Magnetically recoverable nanoparticles have attracted increasing interest 
because of their scientific, technological, and industrial importance as excellent 
durable catalysts.20-25 Magnetic nanocatalysts can be very easily and efficiently 
isolated from reaction media through the use of an external magnet. This 
approach greatly enhances the efficiency of these catalysts, warranting practical 
industrial applications. Because of these merits, new catalyst types, reactions, 
trends, and systems based on magnetic separation are emerging at a rapid rate. 
Thus, further enhancement of their catalytic performance, utilization efficiency, 
and recyclability continues to be a significant issue.  
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Functionalized aromatic amines are ubiquitously found in pharmaceuticals,26 
natural products,27 pigments,28 and polymers.29 Consequently, various metal 
catalysts based on Pd,30,31 Pt,32-34 Au, 35-37 Fe, 38,39 Co40 and Ni41 have been 
investigated for their preparation via the reduction of nitro compounds. Both 
the use of stoichiometric reductants42 and catalytic reduction conditions43 
employing metal-catalyzed hydrogenation with advanced methodologies have 
been developed.44 In general, between the two approaches, catalytic reduction 
is preferred because of its atom efficiency, compatibility with industrial 
applications, and eco-friendliness. Sustainable processes for the reduction of 
substituted nitro-compounds require highly active and selective catalysts. For 
more environmentally friendly conditions, alcohols such as isopropanol,45 
glycerol,46 and ethanol47 have been utilized as alternative hydrogen providers. 
However, reductions using alcohols as the hydrogen source typically exhibit 
low selectivity and slow reaction rates. Recently, ammonia-borane (NH3·BH3, 
AB) has become an attractive hydrogen carrier for hydrogenation because of its 
nontoxicity, high volume/mass hydrogen density, good solubility in water and 
alcoholic solvents and facile release of H2 through hydrolysis and alcoholysis 
catalyzed by noble metals.48,49 In particular, it has gained wide popularity for 
the reduction of double bonds, carbonyls, imines, nitriles, and nitro compounds 
under ambient conditions in aqueous solutions.50 
Previously, we reported the synthesis and application of novel heterodimeric 
nano-particles such as Rh–Fe3O4 and Pd–Fe3O4. Selective reduction of nitro 
compounds and alkenes51, Suzuki cross-coupling52, Sonogashira and Heck 
reactions53, direct catalytic C-H arylation54, polycondensations55, and Wacker56 
and Wacker-type triple-bond oxidations57 were successfully demonstrated, and 
mechanistic studies of Pd–Fe3O4 heterodimeric nanocrystals were conducted.58 
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In the present study, we report a highly efficient of magnetically recyclable 
catalytic system using Pd–Pt–Fe3O4 nano-particles for reducing nitroarenes and 
nitroalkanes to amines derivatives. The noble nano-catalysts were simply 
prepared using a facile one-pot hydrothermal method on a multi-gram scale and 
exhibited unique surface morphologies and textures and exceedingly fast 
catalytic nitro reduction performance. Excellent yields of the desired products 
were obtained with long-term recyclability of the Pd–Pt–Fe3O4. In addition, the 
reactivity and chemo-selectivity of this novel, recoverable bimetallic nano-
catalysts were compared with those of each component metal constituent (i.e., 
the monometallic systems). 
 
2. Results and Discussion 
 
The Pd–Pt–Fe3O4 NPs were prepared via the simultaneous reduction of 
palladium chloride (II) and potassium tetrachloroplatinate (II) in 
polyvinylpyrrolidone (PVP) and ethylene glycol (EG), followed by deposition 
of the two metal nanocrystals on commercially available Fe3O4 nanocrystals in 
a simple one-pot solution phase hydrothermal process. In particular, 1.92 mmol 
each of PdCl2 and K2PtCl4 was reduced, resulting in a Pd:Pt molar ratio in the 
Pd–Pt–Fe3O4 NPs of nearly 1.0:1.0. PVP served as a dispersant59 and sterically 
stabilized the nanoparticles60, whereas EG functioned as both the solvent and a 
reductant. Inductively coupled plasma-atomic emission spectroscopic (ICP-
AES) analysis confirmed that the Pd–Pt–Fe3O4 NPs contained 5.1 wt% 








Figure II-1. (a) TEM image of Fe3O4 NPs (b) TEM image of Pd–Pt–Fe3O4 NPs 
(c) TEM image of Pd–Pt–Fe3O4 NPs (d) The mapping image of Pd–Pt–Fe3O4 










Figure II-2. (a) and (b) HR-TEM image of Pd–Pt–Fe3O4 NPs (c) and  (d) Cs-





Figure II-3. TEM images of NPs: (a) Fe3O4 NPs; (b) Pd–Fe3O4 NPs; (c) fresh 
Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 NPs after 1 cycle of the catalytic reaction; 







Figure II-4. SEM images of NPs: (a) Fe3O4 NPs; (b) Pd–Fe3O4 NPs; (c) fresh 
Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 NPs after 1 cycle of the catalytic reaction; 

























Figure II-1. (a) illustrates a transmission electron microscopy (TEM) image 
of the commercially available Pd–Pt–Fe3O4 NPs used as a magnetic and 
recyclable support. The Pd–Pt–Fe3O4 NPs were monodispersed and had 
diameters of approximately 90 to 180 nm. Figures II-1, 2, 3, 4, 5, 6  and 7 
show representative TEM images, scanning electron microscopy (SEM) images, 
high resolution transmission electron microscopy images (HR-TEM), Cs-TEM 
images, bright-field scanning TEM (BF-STEM) images and high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
images of the nanoflake Pd–Pt–Fe3O4 NPs.  As can be seen in these images, 
the surfaces of the Pd–Pt–Fe3O4 NPs were well decorated with well-dispersed 
metal NPs having diameters ranging from 5 to 8 nm. These results demonstrate 
that Pt and Pd NPs were well immobilized on the surfaces of the Fe3O4 NPs. As 
can be seen in the mapping image of the catalyst in Figure II-1 (d), the surface 
of the Fe3O4 support (yellow) was nearly evenly loaded with Pd (red) and Pt 
(blue). The close location of Pd and Pt in a bimetallic alloy form is believed to 
contribute to the observed synergistic effect for catalyzing the dehydrogenation 
of AB and nitro-reduction reaction. Moreover, the energy dispersive 
spectroscopy (EDS) pattern revealed the presence of Pd, Pt, and Fe elements in 
the Pd–Pt–Fe3O4 NPs (Figure II-1 (e)). 
To determine the oxidation states of the metals in the nanocatalyst, X-ray 
photoelectron spectroscopy (XPS) was performed, and the results are shown in 
Figure II-8 (a) and (b). Several characteristic peaks for Pt 4f are present in 
Figure II-8 (a). Two Pt 4f7/2 and Pt 4f5/2 peaks were identified at approximately 
71.2 and 74.5 eV, respectively, and these two binding energies in particular 
indicate a Pt(0) species.61 At the same time, peaks for different oxidation states 
of Pt (Pt(II) and Pt(IV)) were detected at 74.1 and 74.9 eV, respectively.62 In 
Figure II-8 (b), the characteristic peaks for metallic Pd can be clearly seen, 
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with the peaks at 335.0 and 340.5 eV assigned to Pd 3d5/2 and Pd 3d3/2, 
respectively, revealing that Pd(0) was present in the nanocatalyst. However, the 
XPS peaks for 3d5/2 at 337 eV and 3d3/2 at 342 eV indicated that the Pd–Pt–
Fe3O4 nanocatalyst also contained a minor amount of Pd(II).63 As can be seen 
in Figure II-8 (c), the X-ray diffraction (XRD) pattern confirmed the presence 
of all three constituent elements in the Pd–Pt–Fe3O4 NPs. Importantly, however, 
no impurity peaks were detected by XRD. Clearly, the Pd–Pt–Fe3O4 NPs 




Figure II-8. XPS spectrum for the prepared Pd–Pt–Fe3O4 NPs (a) Pt 4f (b) Pd 
4d (c) XRD spectrum data of Pd–Pt–Fe3O4 NPs 
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The formation of an alloy with two different metals could be confirmed by 
XRD of particles. When a random alloy is made, a change of lattice peak can 
be detected, which is different from the own metal. On the contrary, when two 
metal species do not form an alloy, XRD can usually distinguish two different 
phases.64 Therefore, we compared the combined XRD of Pd–Fe3O4, Pt–Fe3O4 
and Pd–Pt–Fe3O4 (Figure II-9). As can be seen in Figure II-10, there was a 
little different lattice peak in Pd–Pt–Fe3O4 compared to Pd-Fe3O4 and Pd–Pt–
F3O4. This subtle difference led us to conclude that Pd and Pt Nps on Pd–Pt–
Fe3O4 are Pd–Pt bimetallic alloy dispersed on Fe3O4 surface (Figure II-10).The 
detection of alloy was also confirmed by Cs-TEM. Cs-TEM and Cs- scanning 
transmission electron microscopy (STEM) images were analyzed by EDS to 
check the presence of the two different metals (Pd, Pt). Immobilized metals are 
forming together small round shapes, leading to the synthesis of nanoflake-
shaped nanoparticles. Figure II-11 and 12 shows in detail the dispersion of Pt 
and Pd on the surface by color detection. The picture shows a mixture of two 
different colors spread all over the supporting particles. Based on this analysis, 
we concluded that there is Pd–Pt bimetallic alloy on the surface of our catalyst 

























































The magnetic properties of the Pd–Pt–Fe3O4 NPs were determined using a 
magnetic property measurement system (MPMS) in fields ranging from +30 to 
−30 kOe at room temperature (Figure 4 (c)). The MPMS data clearly indicated 
that the Pd–Pt–Fe3O4 NPs, whose saturation magnetization value was 58.4 emu 
g−1 (Fe) at 300 K, were superparamagnetic. The Pd–Pt–Fe3O4 NPs, were also 
shown to be separable using an external magnet (Figure 4 (a) and (b)), 
indicating that they should be useful as magnetically separable catalysts. 
 
Figure II-13. Photographs of the magnetically separable Pd–Pt–Fe3O4 NPs (a) 
dispersion state of Pd–Pt–Fe3O4 NPs (b) magnetic separation of Pd–Pt–Fe3O4 





Table II-1. Optimization of the cascade dehydrogenation/reduction reaction 
catalyzed by Pd–Pt–Fe3O4 Nps
 a 
 




1 None MeOH 5 min 0 0 
2 Fe3O4 MeOH 5 min 0 0 
3 1 mol% Pd–Fe3O4 MeOH 5 min 40 68 
4 1 mol% Pt–Fe3O4 MeOH 5 min 56 69 
5c 1 mol% Pd–Fe3O4 & Pt–
Fe3O4 
MeOH 5 min 57 90 
6 1 mol% Pd–Pt–Fe3O4 MeOH 5 min >99 >99 
7 1 mol% Pd–Pt–Fe3O4 H2O 5 min 84 93 
8 1 mol% Pd–Pt–Fe3O4 EtOH 5 min 64 75 
9d 1 mol% Pd–Pt–Fe3O4 H2O:Et
OH 
5 min >99 >99 
10d 1 mol% Pd–Pt–Fe3O4 H2O:M
eOH 
5 min >99 >99 
11 0.1 mol% Pd–Pt–Fe3O4 MeOH 30 min >99 >99 
12 0.01 mol% Pd–Pt–Fe3O4 MeOH 3 h >99 >99 
13 0.001 mol% Pd–P–Fe3O4 MeOH 30 h >99 >99 
14e 1 mol%  Pd–Pt–Fe3O4 MeOH 5 min >99 >99 
a Reaction conditions: 0.5 mmol nitrobenzene, 1.5 mmol NH3BH3, 5 mL 
solvent , room temperature. b Yields and conversions were determined via GC 
analysis using anisole as an internal standard. c 1mol% of each catalyst. d 5 mL of 
water/solvent (v/v=3:7). e 10 mmol nitro benzene. 
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With the Pd–Pt–Fe3O4 bimetallic NPs in hand, we initiated our search for the 
optimized reaction conditions for the dehydrogenation of ammonia-borane and 
reduction of ArNO2. A series of catalysts and solvents were tested using 
nitrobenzene as a representative substrate (Table II-1). When the reactions was 
conducted without any catalyst or in the presence of Fe3O4 NPs at room 
temperature, no formation of the desired product was observed (Table II-1, 
entries 1–2). Next, an array of different catalysts, i.e., Pd–Fe3O4, Pt–Fe3O4, a 
combination of Pd–Fe3O4 and Pt–Fe3O4, and Pd–Pt–Fe3O4 were screened for 
the cascade reaction with the aim of finding the best catalyst system for 
nitrobenzene reduction (Table II-1, entries 3–6). Among the three Fe3O4-based 
NP catalysts, the Pd–Pt–Fe3O4 NPs exhibited the best catalytic activity in 
methanol, furnishing the highest conversion (>99%) and yield (>99%) (Table 
II-1, entry 6). Note that the catalyst comparison experiment revealed a 
significant synergistic effect65 for the reaction with the bimetallic Pd–Pt–Fe3O4 
NPs catalyst system compared with those with the other monometallic catalysts 
or a physical combination of the two. When the cascade reaction was performed 
in water or ethanol, the conversion and yield deteriorated (Table II-1, entries 7 
and 8, respectively). In contrast, reactions in binary solvent systems (water–
ethanol (v/v 3:7) or water–methanol (v/v 3:7) proceeded quite efficiently 
(Table II-1, entries 9 and 10, respectively). Noble metal-catalyzed hydrolysis 
of AB is faster than alcoholysis of AB.66 Therefore, the addition of water to 
ethanol or methanol is beneficial for fast generation of H2 (Table II-1, entries 
8-10). However, alcoholic solvent is needed for better solubility of the 
substrates, hence the mixture of water and an alcohol as ideal solvent systems 
(Table II-1, entries 7, 9 and 10). Therefore, it can be said that binary solvent 
systems have a promising effect for reduction reactions of nitro compounds. 
Reaction conditions using 1.5 equiv ammonia-borane also can be successfully 
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applied to nitrobenzene (for example, see Table II-2), but not for all the 
substrates listed in our scope study. For this reason, we carried out the screening 
studies with uniform 3 equiv of ammonia-borane. When the Pd–Pt–Fe3O4 
catalyst loading was reduced to 0.1, 0.01, and 0.001 mol%, completion of the 
reaction was observed at elongated reaction times (1, 3, and 30 h for Table II-
1, entries 11, 12, and 13, respectively). The turnover numbers and turnover 
frequencies based on the concentration of Pd–Pt–Fe3O4 NPs are provided in the 
Supplementary Material (Table II-3). A larger scale (10 mmol) reaction 
proceeded with >99% yield and conversion (Table II-1, entry 14). These 
results indicate that even with a very small amount of the Pd–Pt–Fe3O4 NPs, 
the catalytic reaction proceeds quite efficiently, allowing potential industrial-
scale applications. When hydrazine67 or 1,1,3,3,-tetramethyldisiloxane68 was 
used instead of ammonia-borane (AB) as a reductant, poor yield was detected 
over the same reaction time. Reduction using hydrazine hydrate was 
investigated in more detail and the results are shown in Table II-4, entry1. The 
conversion with hydrazine hydrate was very slow, taking 2 h to complete, 
however, only 5 min was required for the completion of the reduction with 
ammonia-borane and the initial comparison was made at 5 min from the start 
of the reaction. Bubbling hydrogen and NaBH4 were equally effective as a 
hydrogen source leading to complete reaction in 5 min, however, reaction under 



















Reaction conditions: 0.5mmol substrate, 1 mol% Pd–Pt–Fe3O4 catalyst, 5mL 
of methanol and room temperature. bYield and conversion were determined 


















Table II-3. Turnover number and turnover frequency of nitro-redcutiona 
 
a Reaction conditions: 0.5 mmol nitrobenzene, 1.5 mmol NH3BH3,  5mL of 






























 catalyst, 5mL of solvent and room temperature.
b
 Yields and 

























 catalyst, 5mL of solvent  and room temperature.
b
 Yields and 
conversion were determined by GC analysis using anisole as internal standard. 
c







To test the substrate scope of the Pd–Pt–Fe3O4 catalyzed nitro compounds 
reduction reaction, a diverse array of nitro compounds was subjected to the 
optimized conditions. The conversion of these compounds to their respective 
primary amines was achieved with high efficiency at room temperature in 5 
min (Table II-6.). Perfect selectivity for nitro reduction was observed for 
substrates containing halogen atoms, without a hint of dehalogenation (Table 
II-6, entries 2−4). High yields and conversions were also obtained for 
nitroarenes containing both electron-donating groups (Table II-6, entries 5–9) 
and an electron-withdrawing substituent (Table II-6, entry 10). Notably, the 
reaction was also extended to the dinitro compound 2,6-dinitrotoluene, and both 
nitro groups were efficiently reduced to give the corresponding diamino 
product (Table II-6, entry 11). Furthermore, the catalytic reaction was easily 
extended to 1-nitronaphthalene, 4-nitrobiphenyl, and 2,7-dinitrofluorene, all of 
which afforded the desired products in excellent yields (Table II-6, entries 12, 
13, and 14, respectively). These heteroaromatic amine derivatives are important 
intermediates for the production of drug molecules, insecticidal/antimicrobial 
agents, dyes, and recently compounds used in organic displays. Nitrile-
containing compounds such as 4-nitrobenzonitrile and 2-chloro-5-
nitrobenzonitrile were also smoothly reduced to the corresponding anilines 
without reduction of the nitrile or dehalogenation (Table II-6, entries 15 and 
16, respectively). These results suggest that our catalyst is highly selective for 
nitro-reduction. A sterically hindered substrate was also reduced to the 
corresponding aniline product (Table II-6, entry 17). Finally, the reduction 
protocol was found to be equally effective for aliphatic nitro substrates such as 
nitrocyclohexane and 1-nitrohexane, which were quantitatively converted to 
the desired primary amines under the same reaction conditions (Table II-6, 
entries 18 and 19, respectively).  
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Table II-6. Pd–Pt–Fe3O4 catalyzed reduction of various substituted nitro 
compoundsa 
 




>99 (96) >99 
2 
  
98 (93) >99 
3 
  
>99 (91) >99 
4 
  
>99 (95) >99 
5 
  
98 (94) >99 
6 
  
>99 (93) >99 
7 
  
>99 (93) >99 
8 
  
>99 (92) >99 
9 
  
98 (90) >99 
10 
  





>99 (95) >99 
12 
  
>99 (98) >99 
13 
  
>99 (97) >99 
14c 
  
>99 (97) >99 
15 
  
>99 (96) >99 
16 
  
>99 (92) >99 
17 
  
>99 (93) >99 
18d 
  
>99 (94) >99 
19   >99 (95) >99 
 
a Reaction conditions: 0.5 mmol substrate, 1.5 mmol NH3BH3, 1 mol% Pd–
Pt–Fe3O4 catalyst, 5 mL methanol, room temperature. 
b Yields were determined 
via GC analysis using anisole as an internal standard. Parentheses are isolation 








Next, the chemoselectivity of the reduction of 4-nitrostyrene, which has both 
nitro and olefin moieties (Table II-7.), was investigated using the Pd–Pt–Fe3O4 
catalyst. Reaction of 4-nitrostyrene with 3 equiv of ammonia-borane afforded 
the completely reduced product B. However, when the amount of ammonia-
borane was reduced to 1 equiv, the reaction gave the desired product A with a 
minimal amount of B (A/B = 94:6). It can thus be concluded that 
chemoselective reduction of nitro groups in the presence of double bonds was 





Table II-7. Chemo-selectivity studies of 4-nitrostyrene reductionsa 
 
Entry Equivalent of AB Conversion (%)b Selectivity (A:B)b 
1 3 eq > 99 0:100 
2 1 eq > 99 94:6 
a Reaction conditions: 0.5 mmol substrate,  1 mol% Pd-Pt-Fe3O4 catalyst,  
5 mL of methanol and room temperature.  b Yields were determined by GC 







We also tested the selectivity of aromatic nitro reduction in presence of O-
allyl, O-benzyl, O-propargyl groups which frequently used protecting alcohol 
groups in organic synthesis. When O-benzyl protected nitrobenzene was 
performed 1 eq of AB and 10 min at room temperature, 62% of desired product 
was obtained. However, upon using 1.5 equiv AB, the product yield went up to 
93% (Table II-8, entry 2). O-allyl and O-propagyl protected nitrobenzene were 
also selectively reduced to O-allyl and O-propagyl protected anline (Scheme. 
II-1). We also studied the selectivity for o-nitroacetophenone and o-
nitrobenzaldehyde. The reaction on o-nitroacetophenone was highly efficient 
without reduction of the ketone functional group (Scheme II-2). When the 
reduction of o-nitrobenzaldehyde was carried out, o-nitrobenzyl alcohol was 
obtained as a major product (95%) under normal reaction conditions employing 
3 equiv AB (Table II-9). When the same reaction was tested with 1 equiv AB, 
o-nitrobenzyl alcohol and a dimerization product (Table II-9, D) were obtained 
























 catalyst, 10 mL 
of methanol and room temperature. 
b
 Yield of isolation product. 
 
 
























 catalyst, 10 mL 
of methanol and room temperature. 
b 







The mechanism of the nitro reduction catalyzed by the Pd–Pt–Fe3O4 
nanoflakes was then studied, based upon which a tandem reaction sequence 
involving nitrosobenzene and azobenzene as intermediates is proposed as 
depicted in Scheme II-3. First, the Pd–Pt–Fe3O4 NPs catalyze the methanolysis 
of ammonia-borane to generate molecular H2. Reduction of nitrobenzene to 
aniline then ensues, consuming the H2 on the Pd–Pt–Fe3O4 NPs catalyst. The 
reaction intermediates were checked from gas chromatography mass 
spectrometry (GC-MS) analysis of the reaction mixture at 1, 3 and 5 min from 
the start of the reaction (Table II-10). The presence of the nitrosobenzene was 
confirmed through comparison with an authentic material on the GC-MS 
spectrum during the course of reaction. As shown in Table II-11, at 3 min the 




Scheme II-3. The proposed mechanism of nitrobenzene reduction using AB as 



























Figure II-14. (a) GC-MS data of the commercially available nitrosobenzene 
(5.71 min) and anisole (6.10 min) as standards. (b) GC-MS data of the 
nitrobenzene reduction after 3 min of reaction (nitrosobenzene: 5.71 min, 










To investigate the recyclability of the Pd–Pt–Fe3O4 NPs, they were separated 
and isolated from the reaction mixture using an external magnet after a catalytic 
reduction cycle (5 min). The recovered catalyst was immediately reused in the 
next reduction reaction with fresh substrate and ammonia-borane. The Pd–Pt–
Fe3O4 NPs were repeatedly used for the reduction of nitrobenzene, and the 
catalytic performance was monitored. Notably, the catalyst exhibited excellent 
retention of catalytic activity through 250 cycles (Figure II-15), after which, 
however, a gradual decrease in the conversion and yield was observed. Each of 
the reactions in the recycling experiment was allowed to run for 5 min. 
 
 




SEM, SEM-EDS, XPS, XRD, MPMS, Thermogravimetric analysis (TGA) 
and Fourier transform infrared spectroscopy (FT-IR) were employed to 
evaluate the fresh spent (1 cycle) and recycled Pd–Pt–Fe3O4 NPs (Figures II-
16–23, respectively).    
 
Figure II-16. The energy disperse spectroscopy (EDS) map sum spectrum 
pattern of NPs: (a) Fe3O4 NPs; (b) Pd–Fe3O4 NPs; (c) fresh Pd–Pt–Fe3O4 NPs; 
(d) Pd–Pt–Fe3O4 NPs after 1 cycle of the catalytic reaction; (e) Pd–Pt–Fe3O4 




Figure II-17. The elemental analysis of NPs mapping images: (a) Fe3O4 NPs; 




Figure II-18. The elemental analysis of NPs mapping images (a) fresh Pd–Pt–




Figure II-19. X-ray photoelectron spectroscopy (XPS) spectrum of NPs: (a) 
Fe3O4 NPs; (b) Pd–Fe3O4 NPs; (c) fresh Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 





Figure II-20. X-ray diffraction spectroscopy (XRD) spectrum of NPs: (a) 
Fe3O4 NPs; (b) Pd–Fe3O4 NPs; (c) fresh Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 




Figure II-21. Magnetic property measurement system (MPMS) spectrum of 
NPs: (a) Fe3O4 NPs (pink) and Pd–Fe3O4 NPs (black); (b) fresh Pd–Pt–Fe3O4 











Figure II-22. Thermogravimetric analysis (TGA) curves of NPs: (a) Fe3O4 NPs; 
(b) Pd–Fe3O4 NPs; (c) fresh Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 NPs after 1 


















Figure II-23. Fourier transform infrared spectroscopy (FTIR) of NPs: (a) Fe3O4 
NPs; (b) Pd–Fe3O4 NPs; (c) fresh Pd–Pt–Fe3O4 NPs; (d) Pd–Pt–Fe3O4 NPs after 










These analyses revealed that the composition, shape, size, and magnetic 
properties of the magnetically reusable nanocrystals remained nearly identical 
upon recycling, which explains the continuous, excellent catalytic activity of 
the Pd–Pt–Fe3O4 NPs. In contrast, the TEM, SEM, EDS, HR-TEM, ICP-AES 
data for the Pd–Pt–Fe3O4 NPs after the 300th cycle revealed significant changes 
in the physical properties of the catalyst. The TEM, HR-TEM, SEM images and 
ICP data clearly indicated agglomeration69 of the loaded Pd and Pt NPs rather 
than detachment70 from the support (Figures II-24–28, Table II-12). Therefore, 
the reduction in catalytic activity presumably occurred due to agglomeration of 





















Figure II-24. TEM images of NPs: (a) Pd–Pt–Fe3O4 NPs after 10 cycles of the 
catalytic reaction; (b) Pd–Pt–Fe3O4 NPs after 30 cycles of the catalytic reaction; 




Figure II-25. SEM images of NPs: (a) Pd–Pt–Fe3O4 NPs after 10 cycles of the 
catalytic reaction; (b) Pd–Pt–Fe3O4 NPs after 30 cycles of the catalytic reaction; 




Figure II-26. The elemental analysis of NPs mapping images: (a) Pd–Pt–Fe3O4 
NPs after 10 cycles of the catalytic reaction; (b) Pd–Pt–Fe3O4 NPs after 30 
cycles of the catalytic reaction; (c) Pd–Pt–Fe3O4 NPs after 300 cycle of the 










Figure II-27. The energy disperse spectroscopy (EDS) map sum spectrum 
pattern of NPs: (a) Pd–Pt–Fe3O4 NPs after 10 cycles of the catalytic reaction; 
(b) Pd–Pt–Fe3O4 NPs after 30 cycle of the catalytic reaction; (c) Pd–Pt–Fe3O4 
























The synthesis of bimetallic Pd–Pt–Fe3O4 NPs and their use as a catalyst for 
the reduction of nitro compounds is described. Using a simple hydrothermal 
method, nanoscale crystals of palladium and platinum alloy was deposited on 
the surfaces of Fe3O4 NPs. Detailed structural analysis of the catalyst system 
using HR-TEM, HAADF-STEM, Cs-TEM-EDS and STEM-EDS images was 
carried out, corroborating the Pd-Pt alloy NPs decorated on the Fe3O4 Nps.  
The nanoflake-shaped Pd-Pt–Fe3O4 NPs were superbly effective for catalyzing 
the dehydrogenation of ammonia-borane and reduction of R-NO2 to R-NH2 in 
methanol at room temperature in one pot. Various nitroarenes and nitroalkanes 
were smoothly reduced to the corresponding aniline derivatives with excellent 
conversions and yields in a very short time (5 min). Notably, reactions using 
the Pd–Pt–Fe3O4 catalyst proceeded faster than those using Pd–Fe3O4, Pt–Fe3O4, 
or a combination of both Pd–Fe3O4 and Pt–Fe3O4, revealing a unique 
synergistic effect of the bimetallic catalyst system. Under optimized conditions, 
the Pd–Pt–Fe3O4 nanocatalyst exhibited great applicability for large-scale 
reactions. In addition, the performance of the catalyst was excellent at a loading 
level of 0.001 mol% with high TON and TOF. Extremely good 
chemoselectivities were observed on nitroarene reduction in presence of O-allyl, 
O-benzyl or O-propargyl group, which are frequently used protecting groups.  
Importantly, the catalyst could be recovered using an external magnet in a very 
straightforward manner and was recycled 250 times without loss of activity. 
Therefore, this new catalyst system should be a very useful, sustainable, and 









All chemicals were commercially available and used as received without 
further purification. Potassium platinochloride (98 % purity), palladium 
chloride (99% purity) and polyvinylpyrrolidone (PVP) were purchased from 




All reaction products were identified through comparison with the authentic 
compounds and quantified through gas chromatography/mass spectrometry 
(GC-Mass) analysis using a Hewlett Packard 5890 Gas Chromatograph with 
anisole as an internal standard. All Transmission Electron Microscopy (TEM) 
images were obtained on a JEOL EM-2010 microscope at an accelerating 
voltage of 200 kV. The powder X-ray diffraction (XRD) was performed using 
a Bruker AXS D8 FOCUS (2 theta: 5-100, scan speed: 2degree/min, Cu 
Kαradiation: λ=1.54056nm, Generator: 40kV, 40m). Magnetic Property 
Measurement System (MPMS) was performed using a Quantum Design. The 
energy disperse spectroscopy (EDS) map sum spectrum pattern performed 
using an Oxford Instruments X-Maxn. (software: Aztex) Sonication was 
performed in a 120 W ultrasonic bath (Branson, B-3210) and Sonics & Vibra 
cell VCX 750. Fourier transform infrared (FT-IR) spectra were recorded on a 
Nicolet iS10 spectrometer through the use of KBr pellets. Thermogravimetric 
analysis (TGA) was performed on a TGA Q5000 V3.10 Build 258 instrument 
at a heating rate of 10 °C min-1 under a nitrogen flow. 
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Synthesis of the Pd–Pt–Fe3O4 
 
The synthesis of Pd-Pt-Fe3O4 was performed as follows. First 800mg of 
potassium platinochloride (K2PtCl4), 340 mg of palladium(II) chloride (PdCl2) 
and 1.00 g of polyvinylpyrrolidone (PVP) (Mw ∼10,000) were dissolved in 
80 mL of ethylene glycol (EG) in a 250 mL round-bottom flask. This mixture 
was sonicated for 10 min and heated for 1 h at 100°C in oil bath with magnetic 
stirring. Meanwhile, 1.00 g of Fe3O4 was dissolved in 300 mL of EG in a two-
necked 500 mL round-bottom flask and then ultrasonication performed for 40 
min. Next, with vigorously stirring of the Fe3O4 solution with a mechanical 
stirrer, the prepared platinum and palladium precursor solution was injected 
dropwise. The resulting solution was further processed at 100 °C for an 
additional 24 h. Afterward, the resultant sample could be retrieved via 
centrifugation and washing with absolute ethanol. Finally, the product was 
obtained via drying on a rotary evaporator. 
 
 
General procedure for the catalytic cascade reduction reaction 
 
The nanoflake-shaped Pd-Pt-Fe3O4 catalyst (1.00 mol %), R-NO2 (0.500 
mmol), anisole (internal standard, 0.500 mmol) and methanol (5.0 mL) were 
introduced in a glass vial (10 mL) with a magnetic stirrer bar. The mixture was 
sonicated for 1 min and stirred at room temperature for 5 min. Then, the 
ammonia-borane complex (1.50 mmol) was added to the reaction mixture, and 
the vessel was closed with a Teflon cover. This reaction was vigorously stirred 
for 5 min at room temperature. After completion of the reaction, an aliquot from 
the organic layer was analyzed with gas chromatography. The separation of the 
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catalyst was realized with a small magnet from outside of the vial. The 
remaining catalyst was washed three times with methanol. The solvent was then 
removed with the use of a rotary evaporator, therefore allowing the dried 
catalyst to be reused for a further recycling reaction. 
 
General procedure for the recycling the Pd–Pt–Fe3O4 
 
For the recycling test, the reduction of nitrobenzene was scaled up to 1.00 
mmol and reductions were run using 1 mol% catalyst. Each reaction cycle was 
complete within 5 min at room temperature. After each reaction, the catalyst 
was separated with a magnet and washed with methanol. Nitrobenzene (1.00 
mmol), anisole (1.00 mmol) and methanol (10 mL) were then added directly to 
the washed catalyst. Then the reaction was performed by applying the general 
procedure for the nitro-reduction reaction. The catalytic reactions were then 
repeated during 10 cycles. Each cycle was analyzed by gas chromatography 
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Appendix A (NMR data)  
Part I. Chapter 2 
Table I-2.3  
 
1. Benzil   
 
1H NMR (CD3Cl3) δ 7.49 (4H, dd, J = 6.8, 7.3 Hz), 7.64 (2H, t, J = 6.8 Hz), 
7.89 (4H, t, J = 7.3 Hz); 13C NMR (CD3Cl3) δ 128.9, 129.8, 132.9, 134.8, 194.5; 
MS (EI) m/z 210 (M+, 10%),105 (100), 77 (50), 51 (20); HRMS (EI) calcd for 
C14H10O2 (M+) 210.06808. Found 210.06771. These 1H NMR and 13C NMR 




1H NMR (CDCl3) δ 2.41 (3H, s), 7.29 (2H, d, J = 8.3 Hz),7.48 (2H, dd, J = 7.2, 
7.3 Hz), 7.63 (1H, t, J = 7.3 Hz), 7.86 (2H, d, J = 8.3 Hz), 7.96 (2H, d, J = 
7.2Hz); 13C NMR (CDCl3) δ 21.8, 128.9, 129.6, 129.7, 129.9, 130.4, 133.0, 
134.7, 194.2, 194.7; MS (EI) m/z 224 (M+, 10%), 119 (100), 105 (20), 77 (15); 
HRMS (EI) calcd for C15H12O2 (M+) 224.06808. Found 224.08295. The 1H and 






3. 1-(4-Methoxyphenyl)-2-phenylethane-1,2-dione  
 
1H NMR (CDCl3) δ 3.88 (3H, s), 6.97 (2H, d, J = 8.8 Hz),7.50 (2H, dd, J = 7.9, 
8.0 Hz), 7.64 (1H, t, J = 8.0 Hz), 7.94–7.98 (4H, m); 13C NMR (CDCl3) δ 
55.6,114.3, 126.1, 128.9, 129.9, 132.3, 133.2, 134.7, 165.0, 193.1, 194.7; MS 
(EI) m/z 240 (M+, 5%), 135(100), 92 (10), 77 (20); HRMS (EI) calcd for 
C15H12O3 (M+) 240.07865. Found 240.07806. The 1H and 13C NMR spectra 






1H NMR (CDCl3) δ 3.86 (3H, s), 7.21 (1H, dd, J = 1.6, 8.2 Hz), 7.40 (1H, t, J 
= 8.2 Hz), 7.47–7.55 (4H, m), 7.66 (1H, t, J = 7.2 Hz), 7.97 (2H, d, 7.7 Hz); 13C 
NMR (CDCl3) δ 55.4, 112.8, 121.8, 123.1, 129.0, 129.8, 130.0, 132.9, 134.2, 
134.8, 160.0, 194.4, 194.4; MS (EI) m/z 240 (M+, 20%), 135 (100), 105 (40), 
77 (40); HRMS (EI) calcd for C15H12O3 (M+) 240.07865. Found 240.07833. 









1H NMR (CDCl3) δ 3.56 (3H, s), 6.93 (1H, d, J = 8.0 Hz), 7.13 (1H, t, J = 8.0 
Hz), 7.49 (2H, dd, J = 1.2, 8.1 Hz), 7.58–7.63 (2H, m), 7.92 (2H, dd, J = 8.0, 
8.1 Hz), 8.03 (1H, dd, J = 1.2, 8.1 Hz); 13C NMR (CDCl3) δ 55.7, 112.4, 121.6, 
123.9, 128.7, 129.3, 130.6, 133.0,133.7, 136.4, 160.4, 193.4, 194.6; MS (EI) 
m/z 240 (M+, 20%), 135 (100), 105 (45), 77 (40); HRMS (EI) calcd for 
C15H12O3 (M+) 240.07865. Found 240.07912. The 1H and 13C NMR spectra 






1H NMR (CDCl3) δ 3.88 (6H, s), 6.97 (4H, d, J = 9.0 Hz), 7.96 (4H, d, J = 9.0 
Hz); 13C NMR (CDCl3) δ 55.6, 114.2, 126.2, 132.1, 132.3, 164.8, 193.4; MS 
(EI) m/z 270 (M+, 10%), 135 (100), 120 (10), 105 (20), 77 (20); HRMS (EI) 
calcd for C16H14O (M+) 270.08921. Found 270.08973. The 1H and 13C NMR 









1H NMR (CDCl3): δ 7.94-7.89 (m, 2H),7.86 (d, 2H, J=8.2 Hz), 7.29 (d, 2H, 
J=8.2 Hz), 6.96-6.92 (m, 2H), 3.85 (s, 3H), 2.69 (q, 2H, J=7.6 Hz), 1.22 (t, 
3H, J=7.6 Hz); 13C NMR (CDCl3): δ 194.59, 193.37, 164.86, 152.06, 132.29, 
130.93, 130.08, 128.46, 126.14, 114.27, 55.57, 29.11, 15.00; IR (KBr, cm-1): 
ν 2968, 2934, 2841, 1665; HRMS-ESI (m/z): [M+Na]+ calcd for C17H16O3Na 






Yellow solid, mp 60-63oC; 1H NMR (CDCl3, 400 MHz): δ 7.97-7.90 (m, 4H), 
7.67-7.63 (m, 3H), 7.48 (t, 2H, J = 7.8 Hz), 0.29(s, 9H); 13C NMR (CDCl3): δ 
194.85, 194.61, 149.89, 134.79,133.79, 133.00, 132.96, 129.83, 128.96, 
128.61, -1.49; IR (KBr, cm-1): ν 3066, 2957, 2897, 2802, 1675; HRMS-ESI 










1H NMR (CDCl3) δ 7.45–7.51 (4H, m), 7.64 (1H, t, 7.4 Hz), 7.89–7.96 (4H, 
m); 13C NMR (CDCl3) δ 129.0, 129.4, 129.9, 131.1, 131.2, 131.3, 132.7, 
135.0, 141.5, 193.0, 193.8; MS (EI) m/z 244 (M+, 5%), 139 (40), 105 (100), 
77 (40); HRMS (EI) calcd for C14H9Cl (M+) 244.02911. Found 240.03001. 





10. 1-(4-bromophenyl)-2-phenylethane-1,2-dione   
 
1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 7.6Hz, 2H), 7.77 (d, J = 8.4 Hz, 
2H), 7.60 (t, J = 8.4 Hz, 3H), 7.45 (t, J = 7.6 Hz, 2H). 13C NMR (101MHz, 




11. 1,2-Bis(4-bromophenyl)ethane-1,2-dione  
 
H NMR (CDCl3) δ 7.83 (4H, d, J = 8.5 Hz ), 7.67 (4H, d, J = 8.5 Hz)ppm.5 
131 
 
12. 1-(4-acetylphenyl)-2-phenylethane-1,2-dione  
 
1H NMR (400 MHz, CDCl3) δ 8.08 (s, 4H), 7.98 (d, J = 7.6 Hz, 2H), 7.69 (t, J 




1H NMR (CDCl3) δ 7.55 (2H, dd, J = 7.2, 7.7 Hz), 7.71 (1H, t, J = 7.2 Hz), 7.99 
(2H, d, J = 7.7 Hz), 8.17 (2H, d, 8.8 Hz), 8.34 (2H, d, 8.8 Hz); 13C NMR (CDCl3) 
δ 124.1, 129.2, 130.0, 130.9, 132.4, 135.4, 137.3, 151.1, 192.0, 192.8; MS 
(M+H+ m/z 256 (M+, 10%), 154 (100), 136 (70), 105 (60); HRMS (FAB+, m-
nitrobenzylalchol) calcd for C14H9NO4 (M+H+) 256.06098. Found 256.06021. 
The 1H and 13C NMR spectra were identical with those reported in the 
literature.2  
 
14. 4-(2-Oxo)-2-phenylacetyl benzonitrile 
 
1H NMR (CDCl3) δ 7.55 (2H, t, J = 8.0 Hz), 7.69 (1H, t, J = 8.0Hz), 7.80 (2H, 
d, J = 8.6 Hz), 7.96 (2H, d, 8.6 Hz), 8.08 (2H, d, 8.0 Hz); 13C NMR (CDCl3) δ 
117.4,117.8, 129.1, 129.9, 130.1, 132.3, 132.6, 135.2, 135.7, 192.2, 192.8; MS 
(EI) m/z 235 (M+, 5%), 135(10), 105 (100), 77 (40); HRMS (EI) calcd for 
C15H9NO2 (M+) 235.06333. Found 235.06300. The 1H and 13C NMR spectra 
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NMR S1. Aniline1 
1H-NMR (400 MHz, CDCl3) : 7.16 (m, 2H), 6.77 (m, 1H), 6.69 (m, 2H), 3.35 
(s, 2H). 13C-NMR (100 MHz, CDCl3) : 146.41, 129.41, 118.73, 115.26 
 
NMR S2. Amino-4-chlorobenzene²  
1H-NMR (400 MHz, CDCl3) δ: 7.08 (d, J = 8.4 Hz, 2 H), 6.58 (d, J = 8.8 Hz, 2 
H), 3.63 (s, br, 2 H). 13C-NMR (100 MHz, CDCl3) δ: 144.90, 129.05, 123.05, 
116.17 
 
NMR S3. Amino-4-bromobenzene³  
 
1H-NMR (400 MHz, CDCl3) δ: 7.24 (d, J=8.72 Hz, 2 H), 6.55 (d, J=8.72 Hz, 
2 H), 3.67 (br s, 2 H). 13C-NMR (100 MHz, CDCl3) δ: 146.0, 131.8, 117.1, 
109.0  
 
NMR S4. 4- Iodoaniline４ 
 
1H-NMR (400 MHz, CDCl3) δ: 7.44 (d, J=8.6 Hz, 2H), 6.48 (d, J=8.6 Hz, 






NMR S5. 4- Methoxyaniline5 
 
1H-NMR (400 MHz, CDCl3) δ: 6.75 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 
2H), 3.75 (s, 3H), 3.41 (s, 2H, NH). 13C-NMR (100 MHz, CDCl3) δ: 152.9, 
140.0, 116.6, 114.9, 55.9 
 
NMR S6. 4-Aminophenol1 
1H-NMR (400 MHz, DMSO-d6) : 6.45 (d, J = 8.56 Hz, 2H), 6.38 (d, J = 8.56 
Hz, 2H), 4.35 (br. s, 2H). 13C-NMR (100 MHz, DMSO-d6) : 149.10, 141.12, 
115.98, 115.66  
 
NMR S7. p- Toluidine5 
1H-NMR (400 MHz, CDCl3) δ: 6.99 (d, J = 8.3 Hz, 2H), 6.63 (d, J = 8.3 Hz, 
2H), 3.53 (s, 2H, NH), 2.26 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ: 143.9, 
129.9, 127.9, 115.4, 20.6 
 
NMR S8. 4-tert-Butylaniline2 
 
1H-NMR (400 MHz, CDCl3) δ: 7.05 (d, J = 8.4 Hz, 2 H), 6.55 (d, J = 8.8 Hz, 2 
H), 3.44 (s, br, 2 H), 1.20 (s, 9 H). 13C-NMR (100 MHz, CDCl3) δ: 143.74, 
141.32, 125.98, 114.86, 33.85, 31.49 
 
NMR S9. N, N-Dimethyl-p-phenylenediamine6 
 
1H-NMR (400 MHz, CDCl3) δ: 6.71 – 6.64 (4H, m), 3.19 (2H, s, br), 2.82 
135 
 
(6H, s). 13C-NMR (100 MHz, CDCl3) δ: 144.7, 138.0, 116.5, 115.5, 42.0 
 
NMR S10. Methyl-4-aminobenzoate5                     
1H-NMR (400 MHz, CDCl3) δ: 7.84 (d, J = 8.1 Hz, 2H), 6.63 (d, J = 8.1 Hz, 
2H), 4.05 (s, 2H, NH), 3.85 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ: 167.3, 
151.0, 131.7, 119.7, 113.9, 51.8 
 
NMR S11. 2, 6-Diaminotoluene7 
 
1H-NMR (400 MHz, CDCl3) δ: 6.84 (t, J = 8.0 Hz, 1H), 6.20 (d, J = 8.0 Hz, 
2H), 3.56 (bs, 4H), 1.98 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ: 145.3, 126.9, 
107.4, 106.8, 10.3 
 
NMR S12. Aminonaphthalene8 
 
1H-NMR (400 MHz, DMSO-d6) δ: 7.95 (m, 1H), 7.73 (m, 1H), 7.39 (m, 2H), 
7.22 (m, 2H), 6.80 (m, 1H). 13C-NMR (100 MHz, DMSO-d6) δ: 143.3, 134.8, 
128.0, 126.2, 125.4, 124.2, 121.4, 118.1, 109.5 
 
NMR S13. 4-Aminobiphenyl¹  
1H-NMR (400 MHz, CDCl3) δ: 7.34 (m, 5H), 7.53 (m, 4H). 13C-NMR (100 
MHz, CDCl3) δ: 144.79, 129.58, 129.06, 123.17, 120.52, 116.25, 115.47, 
115.26 




1H-NMR (400 MHz, CDCl3) δ: 7.75 (d, 3 JH,H = 7.0 Hz, 4 H), 7.46 (t, 3 JH,H 
= 7.3 Hz, 2 H), 7.42–7.38 (m, 6 H), 7.28–7.23 (m, 6 H), 7.17–7.13 (m, 4 H), 
6.89–6.86 (m, 2 H), 6.66 (dd, 3 JH,H = 8.0, 4 JH,H = 1.9 Hz, 2 H), 3.62 (s, 2 
H). 13C-NMR (100 MHz, CDCl3): δ = 167.8, 149.7, 143.7, 139.9, 137.1, 136.4, 
130.6, 129.6, 129.3, 128.5, 128.2, 128.0, 119.9, 119.2, 118.0, 36.8 
 
NMR S15. 4-cyanoaniline¹  
1H-NMR (400 MHz, CDCl3) : 7.41 (d, J = 8.36 Hz, 2H), 6.62 (d, J = 11.48 Hz, 
2H), 4.13 (br. s, 2H). 13C-NMR (100 MHz, CDCl3) : 150.45, 133.96, 120.20, 
114.58, 100.50 
 
NMR S16. 5- Amino-2-chlorobenzonitrile10 
 
1H-NMR (400 MHz, CDCl3) δ: 7.24 (d, 1H), 6.91 (d, 1H), 6.8 (dd, 1H), 3.91 
(s, 2H) 
 
NMR S17. 2, 6-Dimethylaniline11  
1H-NMR (400 MHz, CDCl3) δ: 6.83 (2H, d, J = 7.5 Hz), 6.46 (1H, t, J = 7.5 
Hz), 4.49 (2H, br s), 2.12 (6H, s).  13C-NMR (100 MHz, CDCl3) δ: 144.16, 
127.81, 120.60, 115.89, 17.8 
 
NMR S18. Cyclohexylamine12 
 
1H-NMR (400 MHz, CDCl3) δ: 2.67-2.58 (m, 1H), 2.01-1.56(m, 6H), 1.32-






NMR S19. Aminohexane4 
 
 1H-NMR (400 MHz, CDCl3) δ: 2.69 (t, J=6.5 Hz, 2H), 1.50-1.05 (m, 10H), 
0.89 (t, J=5.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ: 42.3, 34.1, 31.7, 26.3, 
22.8, 14.0 
 
Scheme II-1 and 2 
 
NMR S20. Nitro-4-(vinyloxy)benzene13 
 
1H-NMR (400 MHz, CDCl3) δ 4.72 (dd, J = 6.0,2.0 Hz, 1H), 5.02 (dd, J = 
13.6, 2.0 Hz, 1H), 6.70 (dd, J = 13.6, 6.0 Hz, 1H), 7.10 (m, 2H), 8.26 (m, 2H); 
13C-NMR(100 MHz, CDCl3): δ 99.1, 116.3, 125.8, 142.9, 145.8, 161.5 
 
NMR S21. 1-Nitro-4-(prop-2-ynyloxy)benzene14 
 
1H-NMR (400 MHz, CDCl3): 8.22 (d, J = 9.5 Hz, 2H), 7.05 (d, J = 9.5 Hz, 
2H), 4.79 (d, J = 2.5 Hz, 2H), 2.58 (t, J = 2.5 Hz, 1H). 13C NMR (100 MHz, 
CDCl3): 162.3, 142.2, 125.8, 115.0, 77.1, 76.7, 56.3 
 
NMR S22. 4-Allyloxyaniline4 
 
1H-NMR (400 MHz, CDCl3) δ: 6.62 (d, J=6.2 Hz, 2H), 6.51 (d, J=6.2 Hz, 
2H), 5.89 (ddt, J=16.3 Hz, 11.9 Hz, 2.8 Hz, 1H), 5.16 (d, J=16.3 Hz, 1H), 4.97 
138 
 
(d, J=11.9 Hz, 1H), 4.21 (d, J=2.8 Hz, 2H). 13C-NMR (100 MHz, CDCl3) δ: 
152.0, 140.3, 134.1, 117.5, 116.7, 116.2, 69.9.  
 
NMR S23. 4-(Ethynyloxy)) aniline15 
1H-NMR (400 MHz, CDCl3): δ 7.29 (d, 2H, J = 8.64 Hz), 6.59 (d, 2H, J = 
8.67 Hz), 3.81 (s, 2H), 2.96 (s, 1H). 13C-NMR (100 MHz, CDCl3): δ 146.98, 
133.41, 114.53, 111.21, 84.36, 74.89. 
 
NMR S24. 4-benzyloxyaniline4 
 
1H-NMR (400 MHz, CDCl3) δ: 7.40 (m, 5H), 6.85 (d, J=8.7 Hz, 2H), 6.66 (s, 
J=8.7 Hz, 2H), 5.02 (s, 2H), 3.37 (bs, 2H). 13C-NMR (100 MHz, CDCl3) δ: 
152.0, 140.3, 137.6, 128.4, 127.7, 127.4, 116.3, 116.2, 70.9 
 
NMR S25. Aminoacetophenone15 
 
1H-NMR (400 MHz, CDCl3) δ: 7.71 (1H, d, J = 8.0 Hz), 7.30–7.10 (3H, m), 
6.76 (1H, d, J = 8.0 Hz), 6.53 (1H, t, J = 8.0 Hz), 2.50 (3H, s). 13C-NMR (100 
MHz, CDCl3) δ: 200.15, 151.04, 134.17, 132.22, 116.85, 114.38, 27.84  
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I. 재사용 가능한 이종 팔라듐–산화철 나노결정을 
이용한 효과적인 유기 반응 개발 및 메커니즘 
규명 
 
 제 1장에서는, 이종 팔라듐-산화철 나노촉매를 이용한 웨커 산화 
반응을 진행하였다. 일반적으로 웨커 산화 반응은 말단기의 이중결
합을 케톤으로 바꾸는 유기화학적 프로세스에서 매우 중요한 반응
이다. 우리는 초상자성 이종 나노 크리스탈을 기반으로 하는 팔라듐
-산화철 입자를 이용하여 높은 선택성과, 좋은 반응성, 친환적 조건
을 충족시키는 웨커 반응 프로세스에 대한 연구를 진행하였다. 다양
한 반응조건을 탐색하던 도중, 원하는 종류의 유기물질을 높은 선택
성으로 확인하였다. 친환경적 조건으로 용매를 물과 에탄올을 사용
하였으며, 1 기압의 산소 조건을 이용하였다. 또한 산화반응의 프로
세스 후에, 손쉽게 팔라듐-산화철 나노촉매를 외부 자석을 이용하여 
여러 번의 재사용 가능하게 하였다. 
 
 제 2장에서는, 팔라듐-산화철 나노 촉매를 이용한 웨커 타입의 산
화 반응을 효과적이며성공적으로 반복적 수행이 가능하였다. 1,2-
다이케톤기를 가진 벤질 구조의 물질들은 구조의 특이성 때문에 
유기합성적으로 매우 다양한 방법을 통하여 합성 되어 왔다. 본연
구는 이러한 벤질 구조는 철의 부식을 막는 물질, 카르복실레이즈 
인히비터, 광민감성 물질들에서 많은 구조를 보임에 이러한 구조
를 팔라듐-산화철 나노 촉매를 적용하여 재사용 가능하고 효과인 
시스템을 만들고자 하였다. 1 몰퍼센트의 낮은 촉매를 이용하여 




제 3장에서는, 현재까지 재사용 가능한 팔라듐-산화철 나노입자를 
이용한 다양한 유기반응 적용에 대하여 본실험실은 계속적인 연
구를 하였다. 유기반응 적용에는 탄소-탄소 결합 반응의 대표주자
인 스즈키, 헥, 소노가시라 반응과 탄소-수소 사이의 아릴레이션 
반응 스즈키를 기반으로 하는 폴리머리제이션 반응 웨커와 웨커 
타입의 산화반응을 성공적으로 수행하였다. 여러가지 유기반응들
의 성공적인 적용에도 불고하고, 비균질성의 팔라듐-산화철의 실
제 반응에 참가하는 메커니즘에 자세하게 알려지지 않았다. 팔라
듐-산화철 나노입자의 표면에서 반응이 진행되는 것인지 혹은 소
량의 균일화된 팔라듐이 소량 녹아나와 반응이 진행되는 것을 확
인하기 위하여 키네틱 실험, 핫-필터레이션 실험, 3상 반응 실험 
















II. 재사용 가능한 코어-쉘 구조의 팔라듐-백금-산
화철 나노입자의 합성 및 유기반응의 촉매 활
성 연구 
 
본 연구는 산화철 나노 입자 위에 균일한 분포로 전이금속 혹은 
합금 형태의 전이금속을 코어-쉘 구조로 만들며 만든 입자를 기존에 
알려진 유기반응에 적용하여 독특한 촉매활성을 보는 연구이다. 하
이드로서멀 기법을 이용한 방법을 토대로 나노 크기의 산화 철 입
자에 전이금속의 종류인 팔라듐과 플레티늄을 팔라듐-플레티늄 합금
을 고정화 시키는 새로운 전이금속-산화철 성공적으로 합성하였다. 
세가지 형태의 코어-쉘 구조의 산화철 나노입자를 기본적인 니트로 
환원반응에 적용하여 팔라듐-플레티늄 합금 산화철 나노입자의 우수
성을 확인하였다. 독성이 없으며 높은 수소 보존력을 가지고 물이나 
알코올 용매에 잘 녹으며 전이금속을 통한 가수분해를 통하여 수소
를 잘 내놓는 아민보레인을 환원제로 이용하여 니트로 환원 반응을 
수행하였다. 한가지 전이 금속이 고정화 된 팔라듐-산화철, 플레티늄
-산화철 나노 입자들 보다 같은 조건에서 더 좋은 촉매활성을 보이
는 합금형태의 팔라듐-프레티늄-산화철 나노 입자는 1 몰퍼센트라는 
적은 양과 5 분이라는 짧은 시간에 높고 수득율을 보였다. 두 가지 
전이 금속의 합금이라는 독특한 물성을 통한 촉매반응의 상승효과
를 가져다 주었다. 또한 산화철의 초상자기성에 의한 자성으로 반응 
후 촉매 회수를 쉽고 효과적으로 할 수 있는 장점을 동시에 가지었
다. 300 번의 재사용 실험을 반복 실험 하였으며, 250번 정도는 동일 
조건 하에 99%의 높은 수득률을 보이며 다양한 치환기에 대한 선택
적인 반응성을 보였다. 반응 전/후의 촉매의 구조를 전자현미경 및 
다양한 기기를 이용하여 반응성이 줄어드는 이유를 논리적으로 규
명 하였다.    
 
